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iPreface
Fiber-reinforced polymer (FRP) bridge deck slabs, oﬀering reduced dead load, shorter
construction time and increased durability compared to concrete decks, constitute
a promising application for FRP composites. The connecting of FRP decks to steel
or concrete main girders remains a challenge however, although mechanical shear
stud connections, similar to those used for concrete deck ﬁxation, provide a fea-
sible solution. Nonetheless, the mechanical behavior of this type of connection is
complex and diﬃcult to model and reservations exist regarding durability. An alter-
native, much more material-tailored, technique is adhesive bonding, which reduces
construction time and ensures composite action between deck and girders. Adhe-
sive joint behavior in the longitudinal bridge direction was investigated by Herbert
Gu¨rtler in his PhD thesis (EPFL Nr. 3135, 2005), while Martin Schollmayer’s thesis
focuses on the transverse behavior and, combining the results obtained for behav-
iors in both directions, proposes the basis for a design method for such joints. The
complex stress ﬁelds in the joints are analytically described and recommendations
concerning construction details are given in order to limit stress peaks. Based on a
shear-tensile-interaction failure criterion, the structural safety of such joints can be
evaluated. I would like to acknowledge the support provided for this research project
by Martin Marietta Composites, Raleigh, USA, represented by Grant Godwin.
Prof. Dr. Thomas Keller
CCLab Director/Thesis Director
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Abstract
FRP bridge decks oﬀer several advantages compared with conventional concrete
bridge decks, particularly their much lower weight, but also their resistance against
corrosion as well as easier installation and maintenance. The poorly conceived meth-
ods available for connecting FRP bridge decks with their supporting structures –
normally steel girders – nonetheless constitute a disadvantage. Connections involv-
ing studs or bolts are not appropriate in this case, since FRP is a very brittle material
that oﬀers no ductile properties. Bolted connections usually result in much higher
stress concentrations, while adhesive bonding is a more material-adapted connection
method since larger surfaces can be linked together, thus ensuring reduced stresses.
The bridge system investigated in this thesis consists of a pultruded FRP bridge
deck bonded to steel main girders, the bridge’s main structural components, which
have to transmit the dead and traﬃc loads to the supports, whereas the bridge deck
is spanned in the transverse direction perpendicular to the steel girders. Uplift forces
caused by the load-bearing behavior of the bridge deck transverse to the bridge axis
lead to through-thickness tensile stresses in the adhesive joint.
The main objective of this thesis is the description of the structural behavior
in the transverse direction. This includes analysis of the stresses in the adhesive
connection as well as determination of the strength of the joints.
Analytical and experimental investigations were carried out. It was shown, that
the tensile stress distribution in the adhesive joint is non-uniform with high stress
concentrations below the FRP deck webs of the cellular deck and above the steel
girder web. Alternately inclined deck webs thereby induce signiﬁcantly higher
stresses below the vertical webs. A method for the calculation of the stress state
in the adhesive layer is proposed which is validated by numerical and experimental
results. The material strength of the connection in terms of a combination of tensile
through-thickness and shear stresses is established. The total safety factor of the
joint was higher than the safety factor of the FRP deck for bending between the
main girders. A possible failure process would not start in the adhesive connection
between bridge deck and steel girder which eventually could lead to additional fail-
ure of other structural members. The system is redundant. Fatigue loading up to
10 million cycles showed no stiﬀness degradation.
The results of this thesis prove the existence of a good load-bearing behavior
under static and fatigue loads of adhesively-bonded joints between pultruded FRP
bridge decks and structural steel girders, where the adhesive connection is loaded
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with uplift forces and moments acting in the bridge deck, in addition to the shear
in the connection layer due to composite action. The basis for a design method
for adhesively-bonded connections between pultruded FRP bridge decks and steel
girders is provided.
Keywords: adhesives, bonding, bridge decks, ﬁber-reinforced polymers, joints, pul-
trusion
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vZusammenfassung
Im Vergleich zu konventionellen Beton-Bru¨ckenfahrbahnplatten, bieten Platten aus
GFK einige Vorteile; besonders ihr erheblich geringeres Gewicht, aber auch ih-
re Korrosionsbesta¨ndigkeit sowie die einfachere Montage und Unterhaltung. Ein
Nachteil der Verwendung von Verbindungen zwischen GFK-Bru¨ckenfahrbahnplatten
und ihrer Tragstruktur, in der Regel Stahltra¨ger, ist der Mangel an guten Verbin-
dungsmo¨glichkeiten. Du¨bel und Schrauben als Verbindungen sind nicht gut geeig-
net, da GFK ein sehr spro¨des Material ohne duktile Eigenschaften ist. Geschraubte
Verbindungen fu¨hren in der Regel zu ho¨heren Spannungskonzentrationen, wa¨hrend
geklebte Verbindungen geeigneter sind, da gro¨ßere Fla¨chen miteinander verbunden
werden und somit in geringeren Spannungen resultieren.
Das in dieser Arbeit untersuchte Bru¨ckensystem besteht aus pultrudierten GFK-
Fahrbahnplatten, die auf Stahltra¨ger geklebt werden. Die Stahltra¨ger mu¨ssen als
Hauptstruktur Eigen- und Verkehrslasten zu den Auﬂagern leiten, wa¨hrend die Fahr-
bahnplatte in Querrichtung spannt. Die durch die Tragwirkung in Querrichtung ent-
stehenden abhebenden Kra¨fte fu¨hren zu Zugspannungen in der Klebefuge.
Hauptziel der Arbeit ist die Beschreibung des statischen Verhaltens in Querrich-
tung. Das beinhaltet die Spannungsanalyse in der Klebschicht, sowie die Ermittlung
der maximal aufnehmbaren Last.
Es wurde gezeigt, dass die Verteilung der Zugspannungen in der Klebeverbindung
nicht gleichfo¨rmig ist und Spannungskonzentrationen unter den Flanschen des Fahr-
bahnplattenproﬁls sowie u¨ber dem Stahltra¨gerﬂansch aufweist. Die schra¨gstehenden
Flansche der Fahrbahnplattenproﬁls fu¨hren zu stark erho¨hten Spannungen unter den
senkrecht stehenden Flanschen. Es wurde eine Berechnungsmethode fu¨r den Span-
nungszustand in der Klebefuge eingebracht, die mit numerischen und experimentel-
len Ergebnissen besta¨tigt wurde. Die maximal aufnehmbare Spannungskombination
aus Zug- und Schubspanunngen in der Klebeverbindung wurde ermittelt. Der Sicher-
heitsfaktor der Verbindung war ho¨her als der der GFK-Platte auf Biegung belastet.
Ein eventueller Versagensprozess wu¨rde nicht in der Klebeverbindung zwischen Fahr-
bahnplatte und Stahltra¨ger beginnen, der zu einem Versagen der gesamten Struktur
fu¨hren wu¨rde. Das System ist redundant. Eine Ermu¨dungsbeanspruchung mit 10
Millionen Lastzyklen fu¨hrte nicht zu einer Reduzierung der Steiﬁgkeit.
Die Ergebnisse der Arbeit zeigen eine gute Lastabtragung in den geklebten Ver-
bindungen zwischen pultrudierten GFK-Fahrbahnplatten und Stahltra¨gern unter
statischen und dynamischen Lasten, bei denen, neben den Schubkra¨ften aus der
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Verbundwirkung, abhebende Kra¨fte und Momente auf die Klebeverbindung wir-
ken. Grundlagen fu¨r eine Bemessungsmethode fu¨r geklebte Verbindungen zwischen
pultrudierten GFK-Fahrbahnplatten und Stahltra¨gern wurden in dieser Arbeit er-
arbeitet.
Stichwo¨rter: Bru¨ckenplatte, faserversta¨rkte Kunststoﬀe, Pultrusion, geklebte Ver-
bindungen, Klebstoﬀe
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1.1 FRP bridge decks with adhesively-bonded connections
Fiber-reinforced polymers (FRPs) oﬀer a lightweight and innovative alternative to
traditional materials such as steel and concrete in structural engineering. In bridge
engineering especially, pultruded FRP bridge decks present several advantages com-
pared to conventional concrete decks:
 Light weight (approximately one ﬁfth of that of a concrete deck with similar
geometry) combined with the high strength of the material;
 Faster installation on the construction site;
 Chemical resistance (e.g. against de-icing salts) of the material, and therefore
reduced maintenance costs.
However, many technical problems related to the structural design of bridges with
pultruded FRP decks have still not been solved, or at least only partially. These
include the connection between the main girders and the bridge deck: Bonding
and Bolting are the two main – but contrasting – connection methods used for
FRP structural components. Bonding is the connection of structural parts using
adhesives. Bolting is the connection of members using mechanical junctions.
As FRP materials are brittle and anisotropic, care must be taken wherever stress
concentrations occur, and this particularly applies to bolted connections since the
latter usually result in much higher stress concentrations than bonded ones. There-
fore, adhesive bonding is a more material-adapted connection method than bolted
connections, since larger surfaces can be linked together, thus ensuring reduced
stresses.
The bridge system investigated in this thesis consists of a pultruded FRP bridge
deck bonded to steel main girders. A simple sketch explaining the system is shown in
Figure 1.1 on the following page. The steel girders are the bridge’s main structural
components, which have to transmit the dead and traﬃc loads to the supports,
whereas the bridge deck is spanned in the transverse direction perpendicular to the
steel girders. The two structural components are bonded together by an adhesive
layer with a thickness of approximately 6–20mm. This relatively thick adhesive
layer is necessary to compensate tolerances, i.e. to adjust diﬀerences in the level of
the supporting steel girders.
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Traﬃc loads
x
y
z
Figure 1.1: Basic diagram of a pultruded FRP bridge deck adhesively bonded to steel
girders
In bridges with FRP decks built to date, almost all connection methods involved
mechanical fastening, such as bolts or clamps. The main advantages of adhesively-
bonded connections compared to existing ones are:
 Reduced labor costs. Mechanical connections with shear studs, bolts and
clamps require a great deal of work on the construction site, such as drilling
holes in the bridge deck and welding mechanical fasteners to steel girders (see
Section 2.2, page 17 ﬀ.).
 Prevention of high stress concentrations, due to the larger areas which are
linked to each other.
 Composite action resulting from the bonded connection between the bridge
deck and steel girder that increases the stiﬀness and strength of the whole
structure, therefore allowing a reduction in the amount of material used for
the steel girders.
Diﬀerent stress conditions in the adhesive layer may be caused by the following
phenomena:
1. Shear stresses in the longitudinal direction due to composite action between
the pultruded FRP bridge deck and the steel girders (τxz in Figure 1.2).∗
∗Shear stresses τyz that might occur due to horizontal loadings are assumed to be negligibly small.
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2. Normal through-thickness stresses (σz): compression stresses in the adhesive
layer occur due to loading of the bridge deck, but tensile stresses also occur
due to uplift force and bending moment. The distribution and amount of the
uplift force and bending moment mainly depend on the rotational stiﬀness of
the supporting steel girders, see Figures 1.2 and 1.3.
All stress conditions must be taken into account simultaneously.
σz
τxz
τyz
z
y
x
Figure 1.2: Adhesively-bonded connec-
tion between steel girder and pultruded
FRP bridge deck

P
Fup
M
Figure 1.3: Uplift force and bending moment in adhesive layer caused by load on bridge
deck
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1.2 Objectives
The increased use of FRP bridge decks over recent years calls for the development of
connection methods for this kind of structural member. The longitudinal behavior of
FRP bridge decks adhesively bonded to steel girders has recently been investigated
in [Gu¨r04, KG05a, KG05b]. Composite action between the bridge deck and the steel
girders leads to shear stresses in the adhesive connections.
Uniformly distributed and single loads on the bridge deck can result in uplift
forces that lead to through-thickness tensile stresses inside the adhesive layer. Both
stress conditions – shear due to composite action in the longitudinal direction as
well as through-thickness tension due to uplift forces and bending in the transverse
direction – have to be analyzed and the determined stresses compared to the material
resistance.
The main objective of this thesis is the description of the structural behavior
in the transverse direction. This includes analysis of the stresses in the adhesive
connection as well as determination of the strength of the connections. Existing
knowledge regarding the behavior in the longitudinal direction will be integrated
into the investigations carried out in this thesis, resulting in a method allowing the
structural design of adhesively-bonded connections between pultruded FRP bridge
decks and steel main girders.
The achievement of this objective involved the following steps:
1. Experimental investigations concerning the through-thickness strength of an
adhesive connection between FRP deck and steel girder.
2. Investigation of the inﬂuence of the steel girder geometry (i.e. its torsional
stiﬀness) on the distribution of through-thickness stresses in the adhesive con-
nection.
3. Numerical modeling and analytical description of the through-thickness stress
distribution resulting from inner reaction forces.
4. Determination of a combined through-thickness tensile-shear failure criterion
as basis for the design of the connection.
1.3 Methodology
1.3.1 Analytical determination of stress distribution
Based on an analytical determination of the through-thickness stresses σz, it will be
possible to calculate the maximum tensile stresses inside the adhesive layer and the
surface mats of the FRP bridge deck caused by uplift forces and bending moments
inside the bridge deck, taking into account the torsional stiﬀness of the steel girders.
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1.3.2 Determination of failure criterion
According to previous research, the strength of bonded connections using pultruded
FRP materials depends mainly on the shear-tensile stress combination inside the
surface layer of the FRP. As investigated in [Val04], a characteristic failure mode,
a ﬁber-tear failure (according to [ast00]), occurs in the surface mat layers of the
pultruded material (see Figure 1.4).
adhesive layer 

Figure 1.4: Failure in surface mat layers of pultruded FRP material [KS04]
The through-thickness tensile and shear strengths will be investigated in small-
scale experiments using the Shear-Tensile Interaction Device developed in the CCLab
(see Figure 4.1 on page 60). This allows the simultaneous loading of bonded coupons
with a through-thickness tensile force and a shear force. The stress interaction
behavior of tension and shear stresses will be especially examined and a combined
failure criterion will be developed based on these experiments.
1.3.3 Design method for adhesive connection
For the designing of the adhesive layer between the steel girder and the FRP bridge
deck, the determined stresses in the surface mat layers of the bridge deck are com-
pared with the corresponding material resistance.
Basically, stresses due to design loads Sd are compared with the design value of
material strength Rd of the adhesively-bonded connections (Rd
!≥ Sd) ; safety factors
are also provided.
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1.3.4 Experimental validation
The design method will be validated by large-scale experiments on six full-scale
adhesive connections between pultruded FRP bridge decks and steel girders. As a
result, a method for designing adhesively-bonded connections in a bridge consisting
of an FRP bridge deck adhesively bonded to steel main girders will be proposed.
1.4 Thesis organization
The organization of the thesis is shown in Figure 1.5 on page 10. The thesis is
divided into ﬁve parts:
Part I introduces the key issues involved in the subject.
Part II , the State of the art, describes the use of pultruded FRP bridge decks and
the methods used to connect them to steel girders in the past, demonstrating
the need for adhesively-bonded connections between bridge decks and steel
girders.
Part III , the experimental part, comprises two chapters:
The behavior of a full-scale adhesive connection is investigated in Chapter 3
(Full-scale adhesive connection experiments). The adhesively-bonded connec-
tions are tested in a cantilever beam set-up. The connections are loaded with
pure uplift forces.
In Chapter 4, Evaluation of the combined shear-tensile strength, the material
strength of the adhesive connections is investigated. The maximum stress
combinations leading to a failure in the surface mat layers of the FRP mate-
rial are described, which is essential for prediction of failure in the adhesive
connection.
Part IV is the analytical part of the thesis.
In Chapter 5 the inﬂuence of the torsional stiﬀness of the steel girders on inner
forces acting in the adhesive connection is investigated. The structure of the
bridge is analyzed and a simpliﬁcation of the structure is developed in order
to obtain a method allowing analytical calculations on 2D systems.
Chapter 6 (Determination of the stress distribution inside the adhesive layer)
provides an analytical method to approximate the stress distribution inside
the adhesive layer and makes comparisons with FEM calculations.
Chapter 7 introduces a Concept for a design method for adhesively-bonded
connections between FRP bridge decks and steel girders, using the results
elaborated in this thesis.
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Part V presents the conclusions drawn in this thesis.
Part VI is the Appendix, containing additional ﬁgures and tables.
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State of the art
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2 The use of FRPs in bridge deck construction
to date
The ﬁrst use of FRPs in civil engineering structures dates back to the 1950s, for
one-story single-family houses for instance. Over the last two decades the impor-
tance and use of composite materials have expanded from intermediate technology
systems, employing the labor-intensive hand lay-up fabrication process, to high-tech
automated production methods such as pultrusion, ﬁlament winding and hot press
techniques [Hol94]. The use of FRP structural components such as pultruded ﬁber-
reinforced polymers in civil engineering is somewhat limited however compared to
the use of steel and concrete, and is mostly conﬁned to specialty applications where
resistance to highly corrosive environments, electromagnetic transparency, or a low
weight-to-strength ratio is required [BW94].
Compared to other materials used in the ﬁeld of civil engineering, there is still a
great deal of demand for research to develop a wide range of diﬀerent applications
concerning the utilization of FRPs by civil engineers. The use of adhesive bonding
for load-bearing elements is rare in civil engineering structures and there is therefore
no standard code concerning this kind of engineering application.
2.1 FRP decks for vehicle bridges
FRP bridge decks oﬀer several advantages over reinforced concrete bridge decks:
 Exhibiting a very high material strength-weight ratio and extreme resistance
against frost and de-icing salts, these materials are suitable for bridge deck
applications, thus providing a more durable and lightweight alternative to
concrete bridge decks.
 The simple, modular nature of FRP bridge deck construction is an additional
beneﬁt. Installation is relatively rapid, reducing inconvenience to the traveling
public [AK02].
 Furthermore, they can advantageously replace concrete decks: due to the very
low dead loads (approximately 20% of those of concrete bridge decks), live
loads can be increased, for example by adding lanes without any increase in
girder loading [LCC+02].
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Several FRP bridge deck concepts have been developed, some of which are shown
in Figure 2.1 on the facing page. The following fabrication techniques are used
for FRP bridge decks: pultrusion, ﬁlament winding, vacuum-assisted resin transfer
molding (VARTM), resin infusion and hand lay-up. The FRP bridge decks available
on the market can be divided into two major groups: those consisting of pultruded
proﬁles (see Figure 2.1(a), 2.1(b) and 2.1(d)) and those consisting of sandwich panels
(Figure 2.1(c) and 2.1(e)).
2.1.1 Pultruded FRP bridge decks
Pultrusion∗ is probably the best method for producing composite bridge decks since
it involves low processing costs and ensures a high performance level due to repeata-
bility [Kar96].
The ﬁrst pultruded bridge deck system was developed in the early 1990s in Eng-
land. In 1994 the Bonds Mill bridge was built using ACCS† elements, developed and
manufactured by Maunsell Structural Plastics [LHTH95]. The Bonds Mill bridge,
with a span of 8.5m, was the ﬁrst all-composite bridge.
Pultruded bridge decks usually comprise a slot and key system, i.e. parts with a
width of approximately 30 to 50 cm are pultruded and bonded together, see Fig-
ure 2.1(a) on the next page. Apart from certain short span bridge deck systems,
pultruded bridge decks always have main girders as support, usually made of steel.
The most common bridge deck in the U. S. is the DuraSpan™system produced
by Martin Marietta Composites. Its fabrication began in 1992, and today more
than 25 bridges incorporating this deck are already in use [Ame, mmc05]. Some of
these bridges were originally built with concrete bridge decks and then upgraded by
replacing these with pultruded versions [SG02].
A very special project, which was also extensively reported in literature, is the
Kings Stormwater bridge [BZL+00, KSB+00, BKSK01, SKZH01]. This uses prefab-
ricated thin carbon shells as girders, which are produced by ﬁlament winding and
then ﬁlled with lightweight concrete on site. A pultruded bridge deck is connected to
the tube structure using a rather complicated and labor-intensive method. A cross
section of the bridge is shown in Figure 2.2, and a connection detail in Figure 2.5
on page 18.
The Virginia Tech Deck consists of quadratic pultruded proﬁles with a width
of 152mm and two 10-mm additional face panels which are bonded to the top and
bottom using an epoxy adhesive [TL00]. The system is shown in Figures 2.6 and 2.7
on page 19.
∗The term pultrusion is a combination of pull+extrude. A very detailed description of the pultru-
sion process can be found in the ASM Handbook, Vol. 21 [Hen01].
†ACCS – Advanced Composite Construction System
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(a) The DuraSpan bridge deck system (pultruded)
(b) Superdeck (pultruded) (c) Kansas (sandwich, hand lay-up)
(d) Asset (pultruded) (e) Hardcore (VARTM)
Figure 2.1: Diﬀerent FRP bridge deck systems [KCDD01]
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Figure 2.2: Cross section of Kings Stormwater bridge [ZKHS04]
In 2002 the West Mill public highway bridge was opened in the county of Oxford-
shire, U.K. In addition to the pultruded bridge deck of the 10-m-span bridge, built
using the ASSET ‡ system from the Danish company Fiberline, the structural gird-
ers are also composed of pultruded proﬁles. A cross section is shown in Figure 2.3.
All connections between the stringer and the bridge were adhesively bonded using
an epoxy adhesive [LCC+02].
400
upstand verge
500 5000
2500 2500
400
upstandverge
500
5000
carriageway
22
5
Figure 2.3: Cross section of West Mill bridge
‡advAnced Structural SystEms for Tomorrow’s infrastructure
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2.1.2 Sandwich bridge decks
Sandwich decks are composed of very stiﬀ, strong face sheet panels which bear ﬂex-
ural loads, bonded to a lightweight core material [HA03]. The best known and most
used sandwich panel systems in bridge construction are the Kansas and Hardcore
decks [BBB+02], see Figure 2.1(c) and 2.1(e).
Kansas Structural Composites, Inc. manufactures an FRP deck composed of
top and bottom face sheets with a sinusoidal honeycomb FRP core. The ﬁrst all-
composite bridge in the U. S. was built over No-Name Creek near Russel/Kansas in
1996 using the Kansas deck [DQX+01, KSC]. The 7.6-m-span two-lane bridge was
installed without any supporting steel girders or concrete stringers with a 19-mm-
thick polymer concrete surface; even the guard rails are made of pultruded proﬁles.
The Hardcore deck system is fabricated using a mainly automated technology
known as VARTM §. The ﬁrst bridge using the Hardcore bridge deck was built in
1997 in Delaware, U. S., has a total span of 23m and is supported by concrete
girders. In some cases this deck was also used to replace old concrete bridge decks
in renovations and to improve the load rate of bridges [AK02].
2.2 Connection methods
Possible ways of connecting FRP bridge decks and structural girders are mechanical
fastening, adhesive bonding or a combination of both [ZA˚BB01, ZK04]. Whichever
connection is chosen, resistance to loading according to design codes and environ-
mental eﬀects and ease of construction must be taken into account. Connection
methods can be divided into concepts with and without composite action: most
systems using mechanical fastening do not transfer in-plane shear, i.e. they work
without composite action. Adhesively-bonded connections are able to guarantee
composite action between the steel girder and FRP bridge deck (see [Gu¨r04]).
In the following, existing deck-to-girder connections are discussed. All connections
have to transfer horizontal in-plane and vertical (uplift) forces between deck and
girders.
2.2.1 Shear stud connections
The use of shear stud connections in combination with pultruded FRP bridge decks
requires accurate and complex work to be carried out on the construction site: holes
have to be drilled into the bridge deck at the locations of the shear studs and the
shear studs are then welded to the girder. According to [RBD04] ﬁeld welding is
recommended in order to avoid any potential misalignment between the holes and
the studs. The internal space must be blocked oﬀ, e.g. with cardboard, foam inserts
§Vacuum-Assisted Resin Transfer Molding
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or composite sleeves, and is ﬁlled with non-shrink grout. The hole on the surface is
covered with a ﬂat sheet. A typical example of a bridge with shear stud connections
is shown in Figure 2.4. This type of installation is fairly labor-intensive and thus
expensive. The manufacturing of the grout pockets, which have to be closed to
prevent the non-shrink grout from spilling out, is a particularly complicated step in
the installation process. Furthermore, little is known concerning the durability of
this connection type.
W36x150
22-mm x 152-mm studs
across flange at 610 mm  
 
 
  
    
  
305-mm modular FRP deck unit
 51-mm asphalt 
 195-mm FRP deck
 25-mm grout haunch
460-mm-wide 
grout pocket
Figure 2.4: Cross section of girder with shear
stud connections showing haunch, shear
studs and grout pocket [THPR04]
A similar connection method involves the use of dowels in the case of concrete
girders as shown in Figure 2.5, which requires a considerable amount of complicated,
accurate and time-consuming work.
Figure 2.5: Deck-to-girder
connection using dow-
els [Sei01]
2.2.2 Bolted connections
Two kinds of bolted connections are shown in Figures 2.6 and 2.7, both used with
the Virginia Tech Deck, which is comprised of standard pultruded square proﬁles
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and face panels on the top and bottom. The proﬁles are bonded together using
steel rods to apply a clamping force and also as an anchorage for the hook bolts,
see Figure 2.6. Figure 2.7 shows two examples of the same bridge deck system using
simple bolts, with a steel sleeve enclosing the top face panel and with only a bolt
ﬁxing the lower face panel.
Figure 2.6: Hook bolt connection between
deck and support member [ZCLC01]
(a) Bolt with steel sleeve
enclosing top face panel
(b) Bolt ﬁxing lower
panel
Figure 2.7: Bolted connection used with Virginia Tech Deck [TL00]
2.2.3 Clamped connections
Clamped connections are often used with sandwich decks. Due to the varying section
height, which is often more than 50 cm, connection is not as simple as with pultruded
decks. Furthermore, sandwich decks do not provide the hollow space between the
face panels which could be used for installing the connections and these connections
therefore have to be placed outside the bridge deck, as is the case with clamped
connections.
Figure 2.8 shows a connection used with the Kansas deck. The clamp-type con-
nections are placed as panel-to-panel joints, with each joint comprising an FRP
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tube containing the connection. Holes are drilled through the tube and steel bolts
are used to secure a clamping device installed underneath the top ﬂange of the
girder [RBD04]. All the previously described connection types do not guarantee any
– or only partial – composite action between the main girder and the bridge deck.
Figure 2.8: Cross section of girder and
clamped connection [RBD04]
2.2.4 Bonded connections
The main advantage of adhesively-bonded connections over mechanical fastening
is the avoidance of stress concentrations, which is important mainly when brittle
materials, such as FRPs, are used. Furthermore, full composite action between the
deck and the girder is guaranteed [Gu¨r04].
Although adhesive bonding is successfully applied in many branches of industry
(e.g. the automotive industry), it is rarely used in civil engineering. Typical ap-
plications are the strengthening of concrete columns and beams with carbon ﬁber-
reinforced polymer strips, the bonding of facade elements to steel structures and
adhesive ﬁllings for sealing up fugues [Kla02]. Bonding as a method of connecting
load-bearing members is still not widely used in civil engineering however.
The use of bonding in bridge engineering dates back to 1955: in Marl (Germany)
a 56-m-span steel bridge with bonded connections was built, with the polyester
resin Vestopal LZ ® used as adhesive. The structural parts were joined using hybrid
connections (bonded and bolted), thereby improving joint stiﬀness thanks to the
adhesive [TD64].
Adhesively-bonded connections between a prefabricated concrete bridge deck and
steel girders were used in the late 1960s in bridges built in Germany [HK68, Kra¨69,
Ha¨n76]. This was the ﬁrst time that adhesive bonding was used for connections
of this type, which were designed without the need for any supplementary bolts.
A two-component epoxy adhesive was used for adhesive layers with a thickness
of between 5mm and 15mm. One reason for using adhesive connections was the
time-saving achieved, while another was to proﬁt from the high shear capacity of
the adhesive connection to ensure composite action between bridge deck and steel
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
2.2 Connection methods 21
girder. Between 1968 and 1992 seven bridges with spans ranging from 15m to 32m
were built in the former German Democratic Republic [Fie01].
In a pedestrian bridge built in 1997 in Pontresina, Switzerland consisting of two
simple beams each with a 12.5-m span, fully load-bearing bonded connection mem-
bers were used. One girder comprised mechanical fasteners only, while the connec-
tions of the other girder were also adhesively bonded. Experiments showed that the
girder with bonded connections was stiﬀer, even after removal of the bolts [SK99].
Adhesively-bonded connections with pultruded FRP bridge decks have only been
used recently in road bridges. An example of a bridge built exclusively with pul-
truded FRP elements which were adhesively connected is the previously mentioned
West Mill bridge [LCC+02], shown in Figure 2.3.
A hybrid bridge girder concept with adhesively-bonded and compositely acting
FRP deck was developed and described in [Gu¨r04]. The girder concept was investi-
gated both experimentally and analytically: in a ﬁrst step, the in-plane load-bearing
performance of FRP decks acting compositely as part of the top chords of steel
girders was investigated. In a second step, the static and fatigue behaviors of four
full-scale girders were examined by means of four-point bending tests, see Figure 2.9.
Finally, a design method for hybrid FRP-steel girders with ﬂexible shear connections
was established.
Figure 2.9: Hybrid bridge girder in four-point bending test [Gu¨r04]
The project showed that the composite action between FRP bridge deck and steel
girder increases stiﬀness and resistance and considerably reduces the deﬂections
of the composite girders, while the manufacturing method is reliable and eﬀective
and the connection provides full composite action. Thus the assumption of full
composite action is justiﬁable even for high adhesive thicknesses and soft adhesives.
The developed design method allows determination of cross-sectional stress/strain
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distribution and deﬂections of FRP-steel composite girders in the elastic region. The
method provides results similar to the values measured in the experiments and is
therefore also well suited for determining the load-bearing behavior of FRP-steel
composite girders. It was shown that adhesive bonding is a feasible and reliable
connection technique for FRP-steel composite girders.
2.3 Conclusions
The methods used to connect pultruded FRP bridge decks to steel girders to date
all involve mechanical fastening using bolts or studs as connection elements. These
methods are generally very time-consuming in the construction process and therefore
expensive. Furthermore, they are not adapted to the very brittle properties of FRP
materials, since high stress concentrations occur at connection points in the bridge
decks. Bonding is therefore a connection method that can allow several of the
disadvantages related to existing and still applied connection methods to be avoided.
While in [Gu¨r04] the composite action between the bridge deck and structural
steel girders was investigated and described, i.e. the behavior in the longitudinal
direction, this thesis will investigate and present the hitherto lacking description of
the transverse behavior of adhesively-bonded connections acting in a system with
FRP bridge decks spanned over several steel girders.
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Part III
Experimental investigations and
numerical modeling
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3 Full-scale adhesive connection experiments
3.1 Introduction
The experiments described in this chapter were carried out in order to examine
the static and fatigue behaviors and failure mode of adhesively-bonded connections
between pultruded FRP bridge deck elements and steel girders subjected to uplift
forces due to traﬃc loads. The main objective of these full-scale adhesive connection
experiments was the validation of the developed calculation method (see Chapters 6
and 7).
3.2 Procedure
Calculations were performed prior to the experiments to determine the stress situ-
ation in the adhesive layer under unfavorable loadings on a reference bridge. The
intention was to deﬁne the loading for the experimental series, to ensure a simi-
lar stress condition in the adhesive layer of the connection to that in the reference
bridge. These theoretical investigations and the experimental program comprised
the following steps:
1. FE modeling and analysis of a reference bridge section with adhesively-bonded
connection between structural steel girders and FRP bridge deck to determine
the maximum tensile through-thickness stresses that could occur in the bridge’s
connection layer.
2. Establishment of a test set-up for the experiments based on the results obtained
for the reference bridge. The set-up is a cantilever system loaded in such a way
that a similar stress situation occurs in the adhesive layer to that determined
from calculations on the reference bridge.
3. Modeling of the geometry of the test set-up in an FEA program to analyze
and validate the stress situation occurring in the adhesive layer.
4. Performance of six quasi-static experiments and one fatigue experiment. It
was assumed that six experiments would provide an adequate set of test data.
A fatigue experiment was performed over a period of three months in order to
prove the resistance of the adhesively-bonded connection to traﬃc loads.
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5. Evaluation, analysis and interpretation of the experimental results and com-
parison to the previously performed numerical calculations.
3.3 Stresses in adhesive layer of a reference bridge
Since the objective of the experimental series was to perform tests with a similar
through-thickness stress condition in the adhesive layer as would occur in a bridge,
a part of a reference bridge was modeled for numerical calculations. As the through-
thickness tensile stresses in the adhesive layer are inﬂuenced by the transversal load-
bearing behavior, the bridge span plays only a secondary role. Therefore, a section
was modeled and subjected to traﬃc loads according to the European code EC1.
The total width of the reference bridge was 10.8m with a girder distance in the
transverse direction of 2.7m, see Figure 3.1 on the next page. Due to symmetry
boundary conditions the calculation was made on a 3.6-m-long bridge section, while
a 1.8-m-long section of a bridge was modeled. An important deciding factor for this
section length was the stress distribution inside the bridge deck, as shown in [KS04],
for a bridge deck system with a transverse span of 2.7m : 90% of the load is borne
by four pultruded proﬁles (loaded on a 0.4m× 0.4 -m load pad). It was therefore
assumed that the loads are transmitted to the girders by no more than 8 bridge
deck proﬁles. The model consisted of twelve (two times six) bridge deck proﬁles,
with four extra proﬁles being modeled to prevent any potential inﬂuence from the
free edges. The upper ﬂange of the steel girder was 400mm wide with an adhesive
thickness of 8mm.
The bridge section was modeled using the FE program Ansys. For all members
the volume element SOLID185 was used. For the bridge deck, orthotropic mate-
rial properties as indicated in Table 3.3, page 35, were chosen. The steel girders
consisted of isotropic elements with an elastic modulus of Es=210 kN/mm2. The
adhesive layer was modeled as an isotropic material with an elastic modulus of
Eadh =4.5 kN/mm2, which corresponds to the tensile modulus of the SikaDur 330
epoxy resin. The single loads, 150 kN each, were placed 0.6m inside the symmetry
axis. This resulted in the four-wheel load model as deﬁned in the EC1. In addition,
uniformly distributed loads were placed on the bridge deck: 9 kN/m2 on the lane
where the single loads were placed, and 2.5 kN/m2 on the remainder of the bridge
deck.
The average through-thickness tensile stress in the adhesive layer was 0.15N/mm2,
the maximum tensile stresses occurring over steel girder , at a distance of 60 cm
from the symmetry axis (B in Figure 3.1) with a tensile stress σ+z,max =0.54N/mm2
(in the serviceability limit state). The peak occurred under the same bridge deck
web on which the loads were placed, the vertical web next to it exhibiting much
lower stress values. Another stress peak occurred right at the edge of the model (A).
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Figure 3.1: FE model of
reference bridge
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The stress distribution in the adhesive layer is shown in Figure 3.2, where x indicates
the longitudinal direction of the steel girders. The curve shows that the maximum
through-thickness stresses occurred beneath the vertical webs. The stresses beneath
the inclined webs were approximately half as great, and no through-thickness stresses
were transmitted between the webs. The distribution of tensile stresses σ+z in y-
direction is symmetric, indicating that no moments were transferred through the
connection layer.
A relatively coarse mesh was chosen for this FE model, since the objective of
the calculations on the reference bridge model was not the investigation of stress
concentrations. Therefore, an exact determination of the stress peak value σ+z,max
was not possible, while the average through-thickness tensile stress in the adhesive
layer could be determined with suﬃcient accuracy.
3.4 Experiment description
3.4.1 Set-up
The experiments were carried out on two set-ups for logistical reasons, although
both set-ups had an identical geometry. The structure acted like a cantilever beam:
one end of the 3.5-m-long and 1.25-m-wide bridge deck was bonded to an HEM200∗
proﬁle with a length of 1.3m, which was ﬁxed to a steel frame as shown in Figures 3.3
to 3.5 and A.1 on page 139. The center part of the slab was supported in the vertical
direction only. The structure was loaded on the end opposite to the end with the
adhesive connection, the load being introduced through a steel proﬁle over the whole
width.
Figure 3.3: Structural system of test
set-up
The structural system is shown in Figure 3.3:
the intention was to install an experimental set-
up acting like a beam with two simple supports,
as illustrated in the lower sketch of Figure 3.3.
This set-up was considered the most suitable for
simulating the stress situation that would also
occur in the adhesive connection of an actual
bridge. The assumption of an end-support act-
ing as a simple support was made and validated
with an FEA of the test set-up described in
Section 3.4.2. Since the steel girder and adhe-
sive joint were suﬃciently ﬂexible, no moments
were transmitted through the adhesive connec-
tion. The diagram in Figure 3.10 on page 32
∗A cross section of the proﬁle is shown in Figure 3.6. Table 3.1 gives the dimensions.
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shows that there is a very small bending moment inﬂuence, which shifts the center
of the stress distribution curve to the right. However, this eﬀect was negligibly small
and it could be concluded that the support condition was indeed that of a simple
support.
Figure 3.4: Set-up for C2fat, C2-1 and C3-1
Figure 3.5: Roller support at /2
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Table 3.1: HEM200 steel girder geome-
try
HEM200 steel girder
height h 220mm
ﬂange width bf 206mm
web thickness tw 15mm
ﬂange thickness tf 25mm
curvature r 18mm bf
tfr
tw
h
Figure 3.6: HEM geome-
try [Sta05]
3.4.2 Numerical modeling of experimental set-up
The aim of modeling the experimental set-up was, on the one hand, to assure that
the stress condition in the experimental adhesive connection was similar to that in
the modeled reference bridge and, on the other hand, the model was to be used for
comparison and validation of the experimental results.
The test set-up used in the experiments was modeled using the Finite Element
program Ansys. All materials – the steel girder, adhesive and FRP bridge deck –
were modeled with 20-knot volume elements (Ansys element SOLID185 ). For the
FRP material, orthotropic properties were taken into account, which are shown in
Table 3.3 on page 35. The adhesive was modeled as an isotropic material with an
elastic modulus Eadh =4500N/mm2. One half of the specimen, consisting of four
cells, was modeled taking advantage of symmetry boundary conditions, which meant
that the complete model consisted of eight cells. The model was loaded on the area
shown in Figure 3.7(a) with a uniformly distributed unit load per load area. The
geometry with the corresponding materials and a part of the meshed model are
shown in Figure 3.7 on the facing page. The mesh was densiﬁed over the support,
and four layers were used to model the 8-mm-thick adhesive layer.
Two paths along which the stress distributions were determined had been deﬁned
in the model: one in the longitudinal direction of the steel girder and adhesive
connection (x-direction), the other in the transverse direction (y-direction), as shown
in Figure 3.8. The paths were located on the lower surface of the bridge deck above
the adhesive layer, i.e. in the bridge deck/adhesive interface.
The resulting stress distribution along the path in x-direction is shown in Fig-
ure 3.9. The value of the ordinate σ/σ¯ is the stress value σ related to the mean
stress value σ¯= FupAadh . The investigated path with the highest stress concentration
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Figure 3.7: FE model of test set-up
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Figure 3.8: Top view of steel girder surface — all values in [mm]
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was located under every second vertical web, for example at x=0 and x=608mm.
This is due to the diﬀerent inﬂuence areas of the vertical webs, which result from
the inclined webs.
The distribution along the path in y-direction is shown in Figure 3.10. This
shows an almost symmetric stress distribution, conﬁrming that only an uplift force
existed at the support, the accompanying moment remaining negligibly small, i.e.
the support condition was not a clamped one, but a simple support. The highest
stress peak was in the middle of the adhesive connection immediately above the web
of the steel girder. Its value was more than twelve times higher than that of the
average through-thickness stress in the adhesive layer.
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thickness tensile stress distribu-
tion in adhesive layer/bridge deck
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The results of the stress analysis showed that the stress distribution in the adhe-
sive connection was very similar to that in the modeled reference bridge, described
in Section 3.3. SLS- and ULS-loads for the experiments were determined from
these results in order to have a similar stress condition in the adhesive layer for the
experiments as would occur in the adhesive connection layer of a bridge.
3.4.3 Materials and specimens
The pultruded bridge deck elements used for the experimental series were composed
of four DuraSpan 766 proﬁles. The trapezoidal dual-cell proﬁles were formed by a
pultrusion process and assembled by bonding with a structural polyurethane adhe-
sive (see Figure 2.1(a) on page 15).
The DuraSpan 766 bridge deck
16
.8
11.2
16
.8
304.8 101.6
6.1
19
4.
6
Figure 3.11: Cross section of a
DuraSpan™ 766 element —
all values in [mm]
The cross section of a single proﬁle is shown in Fig-
ure 3.11. The GFRP material consisted of E-glass
ﬁber rovings embedded in an isophthalic polyester
resin. The rovings were stitched into multi-ply struc-
tural fabrics with diﬀerent orientations. The fab-
rics were combined with additional rovings and mats.
Two primary lay-up schemes were used. The lami-
nate around the cells was biased with 66% ±45◦ and
34% 0◦ plies to increase the web shear stiﬀness; the
face sheet laminate, top and bottom, was biased with
60% 0◦ and 20% 90◦ and ±45◦ to increase the overall
stiﬀness of the deck. Burn-oﬀ tests and microscopical
cuts were made to examine the ﬁber architecture of
the material. The total ﬁber content by weight was
60%. Figure 3.12 shows a sample after a burn-oﬀ test, and Figure 3.13, page 35,
a microscopical cut through the material of the upper 6mm of a top (or bottom)
panel.
Table 3.2 on the following page shows the material properties of the ﬁbers and
resin used for the production of the DuraSpan deck. The material properties of
the deck itself, given by the manufacturer, are shown in Table 3.3. These were
determined from coupons of the corresponding parts of the bridge deck.
The deck exhibited a strongly orthotropic load-bearing behavior due to the dif-
ferent ﬁber architectures and diﬀerent structural behaviors (system orthotropy) in
the longitudinal and transverse directions. From the structural point of view, the
webs and face sheets formed relatively strong -beams in the longitudinal direction,
strengthened by the face sheet reinforcements in the web areas. In the transverse
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Figure 3.12: Sample after pyrolysis
direction, however, the deck exhibited a relatively weak Vierendeel† behavior due
to the cellular structure. This behavior is described in detail in [Gu¨r04]. The loads
were borne primarily by transverse bending in the webs and face sheets. The low
stiﬀness of the bonded joints further weakened the transverse behavior.
Table 3.2: Material properties [KS04]
(a) Fiber properties
Fibers
Type: E-glass ﬁbers
Manufacturer: Johnston Industries
Young’s modulus (longitudinal) EL = 72 000 N/mm2
Ultimate tensile strength σ+max = 3448 N/mm2
Coeﬃcient of thermal expansion α = 1.6 K−1
(b) Resin properties
Resin
Type: Isophthalic Polyester (Aropol 7334Z-15)
Manufacturer: Ashland Chemicals
Young’s modulus E = 3380 N/mm2
Ultimate tensile strength σ+max = 75.8 N/mm2
Ultimate compression strength σ−max = 117.2 N/mm2
Coeﬃcient of thermal expansion α = 5.8 K−1
†Vierendeel [Meunier], (Jules-)Arthur, (1852–1940), Belgian engineer and writer
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Table 3.3: Mechanical properties
of DuraSpan 766 deck (accord-
ing to manufacturer) [KS04];
stiﬀness moduli and Poisson’s
ratios
top and bottom sheets web walls
Ey 21 240 N/mm2 17 380 N/mm2
Ex 11 790 N/mm2 9 650 N/mm2
Ez 4 140 N/mm2 4 140 N/mm2
Gxy 5 580 N/mm2 7 170 N/mm2
Gyz 600 N/mm2 600 N/mm2
Gxz 600 N/mm2 600 N/mm2
νxy 0.32[-] 0.3 [-]
νyz 0.3 [-] 0.3 [-]
νxt 0.3 [-] 0.3 [-]
surface
1m
m
surface
mats
rovings
mats
Figure 3.13: Microscopical cut through upper 6mm of material of a DuraSpan 766 top
panel
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Specimens
Each deck specimen was composed of four 3.5-m-long DuraSpan 766 bridge deck ele-
ments. The specimens, designated C1 to C3, are listed in Table 3.4. Each specimen
was used for at least two experiments as, since the deck was not damaged in the tests
(except the surface in the region of the adhesive connection), the specimens were
turned over after the ﬁrst test and their opposite sides used for a further experiment.
Therefore the designations C1-1 and C1-2 refer to the same specimen (C1), but to
two diﬀerent experiments. Specimen C2 was used for three experiments: before
the two static experiments C2-1 and C2-2 were performed, a fatigue experiment
(C2-fat) was carried out using the same specimen and adhesive connection as that
used in experiment C2-1.
Table 3.4: Specimens and test dates
Deck specimen Experiment Type Set-upa Test date
C1 C1-1 static 1 25 Nov. 2003C1-2 static 1 28 Nov. 2003
C2
C2-fat fatigue 2 19 Dec. 2003 –2 March 2004
C2-1 static 2 2 March 2004
C2-2 static 1 9 Aug. 2004
C3 C3-1 static 2 4 March 2004C3-2 static 1 13 July 2004
aset-up 1 is shown in Figure A.1 on page 139, set-up 2 in Figure 3.4 on page 29
Deck-girder connection
The adhesive used for the connection between the bridge deck and the steel girder
was SikaDur 330, a thixotropic two-component resin on an epoxy resin base, whose
mechanical properties are shown in Table 3.5 on the facing page. In order to assure
a constant adhesive thickness, distance keepers (of 8 -mm height) were welded onto
the surface of the steel girder at the locations indicated in Figure 3.8 on page 31.
Neoprene shims with a thickness and width of 10mm were glued near to all edges
of the steel girder, as shown in the horizontal projection in Figure 3.8 on page 31.
This resulted in an adhesive surface of 1196× 186mm2 and an adhesive thickness
in the specimens of 8–10mm. This thickness was also assumed to be a reasonable
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value in a bridge, since it allows the compensation of any inaccuracies that might
occur on the construction site.
Table 3.5: Material properties
of Sikadur 330 adhesive
Sikadur 330
Density ρ 1.31 kg/l
E-modulus (ﬂexural, ISO 178) 3 800 N/mm2
E-modulus (tensile, ISO 53 455) 4 500 N/mm2
Tensile strength σ+max 30 N/mm2
Elongation at rupture ε+max 0.9 %
To guarantee good adhesion conditions, the steel surface was sanded. The surface
of the bridge deck, bonded to the steel girders, was machine-sanded with 100-grid
sand paper before bonding. After grinding, the surfaces were cleaned with acetone
in order to obtain a fat- and dust-free surface.
Specimen C1 was prepared in a slightly diﬀerent way to specimens C2 and C3,
its surfaces being machine-sanded twice until they were no longer shiny. However,
in the ﬁrst two experiments (C1-1 and C1-2 ), adhesion problems that occurred on
the bridge deck surface were investigated, as described in Section 3.5.1. Subsequent
specimens were therefore prepared diﬀerently, the surface being ground until the
glass ﬁbers of the surface mats were visible, as shown in Figure A.2 on page 140
in the Appendix. The diﬀerent surface preparation had a signiﬁcant eﬀect on the
adhesion between the adhesive layer and the bridge deck surface, as shown in the
following.
3.4.4 Instrumentation and measurements
Displacement transducers
For displacement measurements, 14 displacement transducers were used: two at
the loading point (#1 and #2), two between the middle support and the steel
girder (#3 and #4, see Figure 3.14 on the following page), ﬁve at the bonded
connection on the inner side (#5 to #9, see Figures 3.15–3.17) and ﬁve at the
bonded connection on the outer side (#10 to #14, see Figures 3.15 and 3.18–3.19).
While transducers #1 to #4 measured absolute values in the vertical direction,
# 5 to #14 measured the diﬀerential distances between the FRP deck and the steel
ﬂange. Further speciﬁcations of the transducers are listed in the calibration protocol
in Tables A.1 to A.3, page 140 ﬀ. The accuracy of the transducers was ±0.01mm.
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A
A
B
B
plywood pad
hinged steel support 
load pad (plywood)
1410
load transducer
1410
middle support
load
bridge deck
steel plate
1650 mm 1650 mm 100 mm100 mm
5 9
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3 4
1 2
3500 mm
Figure 3.14: Elevation of specimen in set-up. The circled numbers show measurement
equipment used in experiments: displacement transducers #1 to #14; Sections A-A
and B-B are shown in Figures 3.16 and 3.18; a detailed view of the adhesive connection
is shown in Figure 3.15
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21 23
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Figure 3.15: Detail of Figure 3.14.
Displacement transducers #5
to #14
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9
bridge deck
8 7 6 5
305 mm 305 mm 305 mm305 mm40 mm 40 mm
1250 mm
Figure 3.16: Section A-A: displacement transducers #5 to #9 on inner side
Figure 3.17: Displacement transducers measuring deformations at adhesive bond be-
tween edge of bridge deck and steel girder on inner side
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bridge deck
steel profile (HEM200) 
11121314
305 mm 305 mm 305 mm305 mm40 mm 40 mm
1250 mm
10
Figure 3.18: Section B-B: displacement transducers #10 to #14 on outer side
(a) Disposition of transducers (b) Single displacement
transducer
Figure 3.19: Displacement transducers measuring deformations at adhesive bond be-
tween edge of bridge deck and steel girder on outer side
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3.4.5 Experimental Program
Six static tests and one fatigue experiment were performed. The complete program
with the corresponding set-ups is shown in Table 3.4.
Static experiments
Each static experiment was performed in three steps:
1. loading up to the SLS‡-load (34 kN) and unloading;
2. loading up to the ULS§-load (51 kN) and unloading;
3. loading until failure.
The SLS- and ULS-loads for the full-scale adhesive experiments were determined
using the FE models of the reference bridge, i.e. the corresponding load in the
experiments caused a similar stress situation in the adhesive layer as traﬃc loads
according to the design code (EC1) would eﬀect in the connection layer of a bridge.
Calculations using the FE model of the reference bridge resulted in a maximum
average through-thickness tensile stress of 0.15N/mm2 inside the connection area
of eight bridge deck proﬁles. In the experiments, this stress value multiplied by the
connection area resulted in an uplift force of 34 kN. Since the loading force equals
the uplift force, the SLS-load was determined as 34 kN. In the ULS, traﬃc loads are
increased by factor γF =1.5. For the experiments, this resulted in a ULS-load of
51 kN. All experiments were driven displacement-controlled at a rate of 2 mmmin .
Fatigue experiment
The fatigue experiment (C2-1) was performed over a period of 70 days with 107 load
cycles. The fatigue load range ΔFfat =12 kN was determined using the fatigue load
model taken from the EC1 on the FE model described in Section 3.3. An average
through-thickness tensile stress of 0.055N/mm2 was determined. This resulted in
the uplift force of 12 kN in the experimental set-up.
The structure was loaded (force-controlled) with a frequency of 1.7Hz between
Ffat,min =4kN and Ffat,max =16 kN. At each 1 million cycles a static experiment was
‡To satisfy the Serviceability Limit State criteria, a structure must remain functional for its in-
tended use subject to routine loading, and as such the structure must not cause occupant
discomfort under routine conditions.
§To satisfy the Ultimate Limit State, the structure must not collapse when subjected to the peak
design load for which it was designed. Thus the structural element being analyzed is shown to
be safe when the factored loads are less than their factored resistance. The ultimate limit state
is deﬁned as the most unfavorable loading according to the design code, i.e. it is not necessarily
the structure’s failure state.
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carried out; the specimen was loaded with the SLS-load and the displacement at the
loading point measured.
3.5 Experimental results and discussion
3.5.1 Static experiments
The specimens in all experiments exhibited an almost linear-elastic behavior until
a brittle failure. The load-displacement response of the cantilever structure in all
experiments, measured at the loading point, is shown in Figure 3.20 on the next
page. In all experiments failure occurred mainly in the surface layer mats of the
pultruded material, i.e. a ﬁber-tear failure. The rest of the bridge deck structure
remained undamaged in each test. Table 3.6 shows the ultimate loads Fu of each
test with their corresponding mean stress σ¯z = FuAadh .
Table 3.6: Experimental results
Test Fu[kN] σ¯z @ failure
[
N
mm2
]
C1-1 120.3 0.54
C1-2 96.3 0.43
C2-1 a 139.4 0.63
C2-2 191.6 0.86
C3-1 186.0 0.84
C3-2 188.0 0.85
averageb 176.3 0.79
st. dev.cs ±24.7 0.11
aafter fatigue experiment
bspecimens C2 and C3 only
cstandard deviation
Due to the diﬀerent surface preparation for the ﬁrst specimen (as described in
the following), only the results of specimens C2 and C3 were used to calculate
the average values and standard deviations. The average ultimate load for these
experiments was F¯u =176.3 kN with a standard deviation of s=24.7 kN. This led to
a maximum average tensile through-thickness stress of σ¯z = F¯uAadh =
176.3 kN
186 mm · 1196 mm =
0.79 Nmm2 with a standard deviation of s=0.11
N
mm2 .
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Figure 3.20: Average deﬂection of transducers #1 and #2 at loading points of all
experiments
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Experiment C1-1
No audible cracks occurred until a load of 99 kN. In the graph in Figure 3.20(a),
an oﬀset appears at this load. The load could then be increased until the ultimate
load of 120 kN. Diagrams of the displacement at the adhesive connection recorded
by transducers #11 to #14 are shown in Figure A.3 on page 142. The measured
results diﬀer within the range of the transducers’ accuracy (±0.01mm), causing a
lot of scatter. The maximum value, 0.1mm, was measured by transducer #13.
Transducers #5 to #10 did not provide usable results due to technical problems.
Regarding the surfaces of the failed adhesive connections and the ultimate loads,
notable diﬀerences between the ﬁrst two experiments (C1-1 and C1-2) and the
following experiments could be observed. This was partly due to the diﬀerent surface
preparation, described in Section 3.4.3, and partly because the adhesive was not
optimally prepared at some locations. Figure 3.21 shows the surface of the failed
adhesive layer on the steel girder in experiment C1-1 . It has some areas of good
adhesion, where ﬁbers were pulled out from the surface layer mats of the bridge
deck, but also areas without adequate adhesion, caused by the imperfect curing
of the adhesive at some locations and air bubbles, which weakened the adhesive
connection at other locations. This resulted in the relatively low ultimate load of
120 kN, which was far below the average value of the test series.
ﬁber-tear failure

air bubble
uncured
adhesive
Figure 3.21: Surface of failed adhesive connection on steel girder (C1-1)
Experiment C1-2
As shown in Figure 3.20(a) by the load-deﬂection curve, the ultimate load was
reached at 96 kN. The displacements measured on the outer side of the adhesive
connection were much smaller, within the range of the transducers’ accuracy, see
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Figures A.4 and A.5, pages 143–144, which show the diagrams obtained from each
displacement transducer. Figure 3.22 shows the distribution of the measured dif-
ferential displacements at the adhesive connection on the inner side. The maxi-
mum displacement was measured in the center of the adhesive connection (at trans-
ducer #7). This peak was reached because the connection at this location exhibited
a non-linear behavior (see Figure 3.23) which probably occurred due to delamination
of the surface layer mats.
0 200 400 600 800 1000 1200
0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
position [mm]
δ 
[m
m
]
measured (50kN)
fitted (50kN)
measured (70kN)
fitted (70kN)
measured (90kN)
fitted (90kN)
measured (95kN)
fitted (95kN)
5 6 7 8
Figure 3.22: Specimen C1-2 : dis-
tribution of diﬀerential displace-
ments in bonded connection (in-
ner side, transducers #5 to #8)
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Figure 3.23: Load-displacement
curves of transducer #7 on in-
ner side of adhesive connec-
tion (C1-2)
As a consequence of experiment C1-1, more care was taken concerning the prepa-
ration of the adhesive while manufacturing the adhesive connection for C1-2. This
meant that the two adhesive components were mixed more slowly and carefully in or-
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der to prevent the introduction of air bubbles. After failure (at 96 kN), the adhesive
was observed to be in perfect condition, i.e. without any air bubbles and perfectly
cured. However, only a light ﬁber-tear failure occurred, as shown in Figure 3.24,
with only parts of ﬁbers being torn out of the FRP’s surface material. Based on
this, the surface preparation was improved as previously described.
light
ﬁber-tear
failure
Figure 3.24: Surface of failed adhesive connection on steel girder (C1-2 )
Experiment C2-1
The failure in experiment C2-1 occurred in two stages: a ﬁrst crack with a signiﬁcant
displacement occurred at 105 kN and a second one at 135 kN. Two oﬀsets at these
loads are visible in the diagram showing the measurements of the deﬂections at the
loading point (see Figure 3.20(b) on page 43). The failure then occurred at 139 kN,
initiating in the center of the adhesive connection, in the region of tranducers #7
and #12. This can be seen in the graphs obtained from the displacement transducers
located at the adhesive connection with the two measured kinks at 105 kN and
135 kN (see Figure 3.25). The distribution of the displacements on the inner side of
the connection also showed high displacements in the center of the connections, see
Figure 3.26.
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Figure 3.25: Load-displacement curves of two transducers on inner and outer sides of
adhesive connection (C2-1)
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Figure 3.26: Specimen C2-1 : distribu-
tion of diﬀerential displacements in
bonded connection (inner side); trans-
ducers #5–9
The failure in the center of the connection occurred in the steel/adhesive interface,
with a ﬁber-tear failure predominating in the rest of the connection (compare the
failed surfaces of the bonded connection between the steel girder and the bridge
deck in Figure 3.27). Figures A.7 and A.8 on pages 146–147 show the diagrams
obtained from each displacement transducer at the adhesive connection on the inner
and outer sides. Since the measured results on the outer side were within the range
of the transducers’ accuracy, satisfactory diagrams could only be obtained from the
inner side.
The specimen had been used for the fatigue test before the static test was per-
formed, which could explain the relatively low failure load, see Table 3.6 on page 42.
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A further reason could be the steel/adhesive interface failure over approximately one
third of the connection area.
(a) view of girder
(b) view of deck
Figure 3.27: Surface of failed connection, specimen C2-1
Experiment C2-2
The ultimate load occurred at 192 kN, and no oﬀsets could be observed in the load-
deformation curve as shown in Figure 3.20(b) on page 43. In terms of connection
quality this experiment was obviously the best, which was also demonstrated by
the behavior during the test: only a small non-linear deformation could be seen at
120 kN as shown in the diagram in Figure 3.28 and the ﬁrst audible crack occurred
shortly before the connection failed. The fact that all parts of the connection failed
almost simultaneously and in the same manner is apparent in Figure 3.29, since all
transducers measured similar displacements.
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Figure 3.28: Specimen C2-2 :
transducer #5
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Figure 3.29: Specimen C2-2 : dis-
tribution of diﬀerential displace-
ments in bonded connection (in-
ner side, transducers #5 to #9)
In contrast to the failure in the previously described test, which comprised diﬀerent
modes in various areas, the failure in experiment C2-2 was the same throughout the
whole area of the adhesive connection. It was characterized by a ﬁber-tear failure,
where large parts of mats were torn out of the bridge deck’s surface material, see
Figures 3.30 on the following page and A.9, page 148 in the Appendix.
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(a) view of girder
(b) view of deck
Figure 3.30: Failed adhesively-bonded connection (C2-2 )
Experiment C3-1
The failure load was measured at 186 kN, and an oﬀset in the load-deﬂection curve
can be seen at 155 kN, see Figure 3.20(c). The behavior in experiment C3-1 was
similar to that in C2-1 : a signiﬁcant crack at a load of 90 kN was audible, which can
also be observed in the graphs in Figure 3.31. This failure was initiated in the region
of transducers #5 and #10, as also shown in the distributions of the diﬀerential
displacements of the transducers on the inner side, see Figure 3.32.
The failure in this experiment was a ﬁber-tear failure, but in some areas failure
also occurred in the adhesive and the interface between the steel and the adhe-
sive. Figure 3.33 on page 52 shows the failed surface, and Figures A.12 and A.13,
pages 151–152, show the single diagrams obtained from the displacement transducers
at the bonded connection on the inner and outer sides.
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(b) Transducer #10
Figure 3.31: Load-displacement curves of two transducers on inner and outer sides of
adhesive connection (C3-1)
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Figure 3.32: Specimen DSC3-1 :
distribution of diﬀerential dis-
placements in bonded connec-
tion (inner side); transduc-
ers #5–9
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(a) view of girder
(b) view of deck
Figure 3.33: Failed bonded connection (C3-1 )
Experiment C3-2
Up until a load of approximately 160 kN, no acoustical cracks occurred. Then, the
failure was indicated by a number of audible cracks until a bigger crack occurred
at the ultimate load of 188 kN. The connection did not fail completely after the
ultimate load was reached however. The deﬂection increased as the load decreased
to almost 20 kN (see the corresponding graph in Figure 3.20(c)).
Figure 3.34 shows the graphs obtained from transducers #5 and #10, the region
where the highest displacements at the connection were measured. The distribution
of the diﬀerential displacements at the adhesive connection, shown in Figure 3.35,
also indicates that failure initiated on the side near to transducer #5; the transduc-
ers measured very similar displacements up until a load of approximately 160 kN.
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Figures A.17 and A.18, pages 155 and 156, show the displacements of each trans-
ducer at the adhesive connection.
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(b) Transducer #10
Figure 3.34: Load-displacement curves of two transducers on inner and outer sides of
adhesive connection (C3-2)
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Fiber-tear failure was again the dominant failure mode in this experiment, see
Figure 3.36. Most ﬁbers were torn out of the FRP material, with some remaining
on the surface of the adhesive layer.
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(a) view of girder
(b) view of deck
Figure 3.36: Failed bonded connection (C3-2 )
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3.5.2 Fatigue experiment
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Figure 3.37: Fatigue test C2-fat; displacement is
measured at loading point
The structure was loaded before the
fatigue experiment and after every
one million cycles during the ex-
periment with the SLS-load. The
displacements of these loadings are
shown in Figure 3.37. The stiﬀness
before the ﬁrst million fatigue cy-
cles was lower than in subsequent
measurements. This was due to
the slackness in the whole structure
(including the columns and steel
girders with all bolted connections),
which was obviously lower after the
one million cycles. No perceptible
loss of stiﬀness occurred during the
fatigue experiment, and no damage
was visually detected.
3.6 Comparison of experimental results and calculations
The results obtained using the FE model described in Section 3.4.2, page 30 ﬀ., were
compared to the values measured in the experiments. Since the FE calculations
were made linearly, only deformations in the linear-elastic range were compared.
An uplift force of 80 kN in the adhesive connection was chosen as a reference value
for comparisons, since all specimens exhibited a linear-elastic behavior at least up
to this value.
3.6.1 Deformation of bridge deck
Displacement transducers # 1 and #2
The bridge deck deﬂection at the loading point was measured by displacement trans-
ducers #1 and #2 and the average of these value was used for the diagrams in
Figure 3.20. These values were compared to the deﬂection calculated by FEA using
the model described in Section 3.4.2. The average displacement measured at 80 kN
was 30.3mm ± a standard deviation of 1.86mm. The displacement obtained using
the FE model was 32.3mm. The maximum displacement was overestimated by only
7% by the FE calculation. The detailed results are shown in Table A.4 on page 157.
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Displacement transducers # 3 and #4
The measured data and FE results are shown in Table A.5 on page 157. Measure-
ment problems occurred in experiment C2-2. The average measured displacement
was −1.86mm ±0.4mm, while the calculated displacement was −2.02mm, corre-
sponding to an overestimation of 9%.
3.6.2 Diﬀerential deformation at adhesive connection
Deformation on inner side (#5 to #9)
The distribution of the average diﬀerential displacements is shown in Figure 3.38,
and the numerical results of the experiments are given in Table A.6 on page 158.
Figure 3.38 shows the data for all specimens, including C1, since the deformations
were measured in the linear-elastic range, without any damage occurring in any of the
experiments. Since the structure is symmetric, the distribution of the displacements
computed by the FE analysis also has a symmetric shape. In the real structure the
measurements obtained from these transducers showed little diﬀerence.
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Figure 3.38: Comparison of calcu-
lated and measured average dis-
placements at bonded connec-
tion on inner side at a load of
80 kN
As shown in Figure 3.38, the diﬀerence between the experimental results and
the calculated values reaches 36% at transducer #5. This was probably because
the FE model was too stiﬀ, i.e. the elastic moduli of the FRP and the adhesive,
determined in coupon tests, were too stiﬀ when used for a structure of the size used
in the experiments. Irregularities in the material do not occur in a perfectly shaped
small coupon, but have a signiﬁcant inﬂuence in bigger structures. Since the global
behavior was in fairly good agreement with the calculation, it was probably the
adhesive that was modeled with an E-modulus which was too stiﬀ.
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Deformation on outer side (#10 to #14)
Figure 3.39 shows the average distribution measured by the transducers in all exper-
iments. The numerical data is given in Table A.7, page 159. Since transducer #10
did not provide any results in some experiments, the average value shown in the
diagram is not representative, see Table A.7. Again, as in the previous diagram, in
Figure 3.38 the measurements show values up to 35% higher than the FE results
(at transducer #11).
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Figure 3.39: Comparison of calcu-
lated and measured average dis-
placements at bonded connec-
tion on outer side at a load of
80 kN
Degree of support-ﬁxation
The measured average deformations on the inner and outer sides at a loading of
80 kN were δi=0.074mm and δo=0.028mm. Therefore, the average deformation in
the center of the connection was δ¯=0.051mm with an average strain of ε¯= 0.051 mmD ,
where D is the measured distance in z-direction between the two points δi and δo.
EAadh · ε¯ must equal the uplift force Fup =80 kN. In addition to the deformation
due to the uplift force, an extra ±0.023mm at the edges result from the bending
moment, which is related to a strain of εM = 0.023 mmD =0.45 ε¯. The corresponding
bending moment is :
M = 23 · 186mm ·
2
3 · εM ·
1
2EA =
2
3 · 186mm ·
2
3 · 0.45 ε¯ ·
1
2EA
= 0.0186m · ε¯ · EA
The bending moment in a clamped support would be :
Mfull =
1
2 · 1.65m · 80 kN = 66 kNm = 0.825m · ε¯ · EA
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The relationship between the support-ﬁxation of the two systems is 0.01860.825 =0.025454,
which means that the degree of the support-ﬁxation in the experiment was only ap-
proximately 2.5% of the moment in the case of a clamped connection.
3.7 Conclusions
The experimental series showed that, as previously assumed, failure almost always
occurs inside the FRP material in the surface layer mats in a brittle way, if the surface
preparation was adequate. The dominant failure mode was a ﬁber-tear failure.
An average tensile through-thickness stress in the adhesive layer of σ¯z =0.79N/mm2
at failure was determined in the experimental series.¶ The ratio of the average fail-
ure load to the load in the serviceability limit state was FuFSLS =5.2, and that of the
failure load to the ultimate limit state load was FuFULS =3.5, i.e. the total safety factor
was 3.5, which is higher than the safety factor of the FRP deck for bending between
main girders.
The FE analysis and the measurements showed that the adhesive connection on
the steel girder acted as a simple support. The rotation mainly resulted from the
rotational ﬂexibility of the adhesive joint. As shown in the previously performed
calculations, the bending moment in the adhesive connection was negligibly small.
The comparison to the FE model described in Section 3.4.2 showed good agreement
between measurements and numerical model, especially for the global behavior of
the structure: the displacements at the loading point and their calculations diﬀered
only by approximately 7%. The agreement between measurements and calculations
at the adhesive connection was not as good as that between the rest of the data,
since very small displacements within the range of the transducers’ accuracy were
measured. The maximum diﬀerence between measured and calculated values was
36%, probably due to an E-modulus in the FEA which is stiﬀer than it would be
in reality.
Further comparisons of calculated and measured stress conditions are made in
Section 6.6, page 117 ﬀ.
¶As mentioned, specimen C1 was not included for the determination of the average stresses.
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4 Evaluation of combined shear-tensile strength
4.1 Introduction
Through-thickness normal stresses due to moments and uplift forces caused by traﬃc
loads transmitted by the bridge deck in the transverse bridge direction are predom-
inately tensile stresses. This stress situation also occurred in the full-scale adhesive
connection experiments, described in Chapter 3. In the longitudinal direction, shear
stresses are caused due to the composite action between bridge deck and steel girders.
This behavior is described in detail in [Gu¨r04].
In order to determine a failure criterion, both stress components have to be taken
into account: the through-thickness tensile stresses σ+z resulting from forces acting in
the transverse direction as well as the shear stresses τxz resulting from the composite
action in the longitudinal direction.
Existing failure criteria for FRP composite materials developed by Hart-Smith
[HS98a, HS98b, HS02], Tsai-Hill [TW71] or Puck [Puc96], for example, could be
used chieﬂy for predicting joint strength. However, the ﬁber architecture of pul-
truded sections is not layered in a comparable way to traditional laid-up compos-
ites. The determination of reliable through-thickness material properties is partic-
ularly diﬃcult. To determine the ultimate strength of the FRP material in relation
to the two stress components, the through-thickness tensile stresses σ+z and shear
stresses τxz, a device was developed at the CCLab that is able to load coupons in-
corporating the two stress components simultaneously. A failure criterion based on
experimental investigation was developed [Val04], which considers the interaction
of through-thickness tensile and shear stresses at the failure location, i.e. in the
ﬁber-mat layers. This criterion is applied in the following.
4.2 Shear-Tensile Interaction Device (STI-Device)
The STI-Device was designed to measure the material strength of the bonded con-
nections used with pultruded FRP material, see Figure 4.1 on the following page.
The device is fully described in [Val04], and only a basic description follows at this
point.
Two main loading mechanisms coexist, as shown in the diagram in Figure 4.2 on
the next page:
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Figure 4.1: Shear-Tensile Interaction Device
FRP coupon
PU adhesive
steel support
1
2
3
4
5
6
Figure 4.2: Diagram of Shear-Tensile Interaction Device
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1. The tensile loading mechanism consists of 4 columns ∗ supporting a steel
plate 	. The load is introduced through a bolt 
 with a pitch of 1.5mm, see
Figure 4.1.
2. The shear loading mechanism consists of a horizontal bolt through which the
load is applied, that exerts pressure on the FRP (elements  to ) to induce
shear.
Both forces can be applied simultaneously.
4.3 Experimental procedure
The experimental investigations were carried out on 50×50-mm FRP coupons cut
from the top or bottom panels of the DuraSpan 766 material, where the steel girders
are connected to the bridge deck.
The FRP samples were bonded to the steel supports using polyurethane, see
Figure 4.2, in which the unidirectional ﬁbers were oriented perpendicularly to the
axis of the shear mechanism. This was done to reﬂect the conditions inside the
adhesively-bonded joints. Previous investigations have shown that the relatively
soft polyurethane adhesive results in homogeneous and constant stress ﬁelds in the
steel/FRP interface.
Before bonding, the steel surface was sanded, cleaned and degreased using acetone,
and the FRP surface veil was mechanically abraded down to the ﬁrst visible ﬁbers
of the mat then also cleaned and degreased using acetone.
To produce the material strength σ-τ -interaction diagram, experimental investi-
gations involving both tensile and shear loading had to be carried out. While the
pure† tensile loading and the pure shear loading mechanisms are obvious, the loading
mechanism for a given combination of shear force S=S0 and tensile force H =Hu
consists of the following procedure:
1. Imposing the shear force S0 by acting on the shear loading mechanism (ele-
ments  to );
2. Acting on the tensile mechanism (element 
) by increasing the corresponding
force H while verifying that the previously imposed shear load S0 has not
changed. If the shear force increases or decreases outside a range of ±3N/mm2,
it should be readjusted;
3. The tensile force H has to be increased to the failure value Hu.
∗The numeration relates to the diagram shown in Figure 4.2.
†The terms pure tensile and pure shear loading are used in the sense of only τxz,u and only σz,u
respectively, and not a combination of both.
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The formulas used to calculate the stresses from the forces are the following:
σz,u =
Hu
A
τxz,u =
Su
2A
(4.1)
with A = a2 and a being the dimension of the specimens.
Each time this procedure was carried out successfully, one point of the σ-τ -
interaction diagram was drawn.
4.4 Experimental results
4.4.1 Strength data
In order to be able to draw an interaction diagram, a total of 30 individual samples
were tested according to the procedure described above.
The 30 samples were divided into six groups of ﬁve: the ﬁrst one was used to
determine the pure tensile strength σ+z,u, the last one to determine the pure shear
strength τz,u, and the four others to determine the strength under diﬀerent combi-
nations of through-thickness and shear stresses. The resulting experimental values
are listed in Table 4.1.
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Figure 4.3: Material strength
diagram based on experi-
mentally obtained values
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#1 #2 #3 #4 #5 #6
τ σ τ σ τ σ τ σ τ σ τ σ
0 8.4 3.7 8.7 6.6 9.6 11.9 6.7 11.7 7.9 23.1 0
0 9.8 3.8 7.4 7.0 6.6 6.8 7.5 15.5 5.2 15.2 0
0 8.9 3.7 9.0 7.4 6.9 10.8 7.3 14.5 6.1 21.3 0
0 9.5 3.7 9.6 8.3 8.1 7.1 10.3 15.7 4.0 14.7 0
0 8.7 3.8 7.6 7.4 9.8 11.2 6.1 14.3 6.8 17.3 0
Table 4.1: Experimental values
(
in
[ N
mm2
])
As shown in [Val04], the best ﬁtting curve for the gathered data displayed in
Table 4.1 is Equation 4.2:
F(σz, τxz) =
(
σz
κσ · σz,u
)2
+
(
τxz
κτ · τxz,u
)2
= 1 (4.2)
where σz,u
(
= 9.1N/mm2
)
and τxz,u
(
= 18.3N/mm2
)
are the averaged values of the
pure tensile and shear strengths of the investigated FRP material. The stresses
in the coupons were uniformly distributed, as shown in [Val04], and therefore no
correction factors were needed.
The correction factors κσ and κτ , as deﬁned in [Val04], are used to take stress
concentrations in joints into account. For the application of this failure criterion
to the adhesive connections of the investigated bridge decks, the correction factors
have values of between one and four. Due to the extent of the stressed surface, no
size eﬀect was assumed and therefore factor κσ =κτ =1.
Figure 4.3 on the facing page shows the gathered data: on the x-axis the shear
strength values τxz,u, on the y-axis the through-thickness strengths σz,u. The best
ﬁtting curve, according to Equation 4.2, is overlaid.
4.4.2 Failure mode
The failure mode observed after testing the individual samples was a ﬁber-tear fail-
ure, since neither the adhesive layer nor the adhesive-steel connection failed pre-
maturely. The observed failure mode was the same as that which occurred in the
experiments described in Chapter 3. In most cases, the ﬁber-tear failure aﬀected
the surface layer mat (down to 3mm) of the tested FRP sample (see Figures 4.4
(shear-dominated) and 4.5 (tensile-dominated)).
In some cases failure did not occur in the ﬁrst layer, but deeper inside the FRP
sample, as can be seen in Figure 4.4(c) to (e). The failure in the tensile-dominated
experiments clearly occurred slightly deeper (down to 3mm) inside the material than
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(a) #1-1 (b) #1-2
(c) #1-4 (d) #2-4
(e) #2-5
Figure 4.4: Failure modes of STI coupons (tensile-dominated)
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(a) #3-4 (b) #5-1
(c) #5-4 (d) #6-3
Figure 4.5: Failure modes of STI coupons (shear-dominated)
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in the shear-dominated experiments, in which it almost always occurred at a depth
of approximately 0.5mm from the surface. This was probably only characteristic of
the coupon tests however, since such a deep failure was not observed in the full-scale
experiments in which a pure tensile stress condition existed.
4.4.3 Partial safety factor
In the design concept according to current codes, the characteristic loadings are
increased by load factors, while the material resistance is reduced by material safety
factors.
γF · Sk
!≤ Rk
γM
 Sd !≤ Rd (4.3)
γF − load factor
γM − partial safety factor
Sd − loading in the ultimate limit state (ULS)
Rd − material strength reduced by the partial material safety factor γM
According to EN1990 [Eur02], Annex D, the characteristic value may be deter-
mined from tests using
Rk = Rm (1− kkn · νR) (4.4)
where
kkn is the fractile coeﬃcient for determining 5% fractile of the frequency distribu-
tion of R, see [Eur02] – Annex D.
Since 30 samples were tested, kkn may taken as kkn=1.645. Hence the character-
istc value is
Rk = Rm (1− 1.645 · 0.117)
= Rm · 0.808
(4.5)
The partial safety factor γM results from
γM =
Rk
γM
= 1− kkn · νR1− kdn · νR (4.6)
where kdn is derived in [Eur02] for a reliability index β=3.80:
kdn = 3.13. (4.7)
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Therefore the γM -factor reads
γM =
1− 1.645 · 0.117
1− 3.13 · 0.117 = 1.28 (4.8)
In general the reliability index β=3.80 applies to structures with ductile behavior
and mean consequences of failure. As the failuree behavior of the adhesive connec-
tions for combined shear and tension may be classiﬁed as brittle (due to lack of
pre-warning by large deformations), the use of β=3.80 can only be justiﬁed by
failure path consideration of the complete FRP-deck-system including the adhesive
joint.
In fact the weakest link in th full FRP-deck system is the plate-structure, in
particular at the adhesively-bonded connections between the pultruded proﬁles, the
failure of which would not be catastrophic but only aﬀect the serviceability. Hence
the adhesive joint of the deck to the main girders takes proﬁt from the ‘pre-warning’
from serviceability failure of the deck structure and only needs to be designed for
‘overstrength’ by ordinary ultimate limit state design.
The partial safety factor of a similar material tested in [Val04] is γM =1.32. A
material safety factor of γM =1.28 seems reasonable when compared to safety factors
of similar materials in [Cla96].
4.5 Conclusions
The experimental investigations described in this chapter have shown that:
 The FRP material’s resistance to a combined loading of through-thickness
tensile stresses σz and shear stresses τxz can be described by a quadratic in-
teraction function.
 The observed failure mode was the same as that which occurred in the exper-
iments carried out in Chapter 3.
 A partial material safety factor for the tested material was determined as being
γM =1.28.
 The failure mode in both types of experiments in Chapters 3 and 4 was the
same. It can therefore be concluded that the failure criterion can also be
applied for the full-scale adhesive connections.
The comparison between the results of the full-scale adhesive connection experi-
ments and the coupon tests is made in Section 6.6.
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Part IV
Analytical part
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5 Inﬂuence of the torsional stiﬀness of steel
girders
5.1 Introduction
Traﬃc loads on the bridge lead to moments and shear in the bridge deck. Looking
at a cross section through the bridge along the transverse direction, three diﬀer-
ent structural behaviors are possible, depending on the deck’s support conditions.
These are shown in Figure 5.1, page 72, with their static systems and qualitative
distributions of bending moments in the deck:
(a) The torsional stiﬀness of the steel girder is very low and therefore the steel
girders act as simple supports, see Figure 5.1(a).
(b) The torsional stiﬀness of the steel girder has a signiﬁcant value. The steel
girder does not act as a simple support; a part of the bending moment of
the bridge deck is transmitted into the steel girder as a torsional moment. In
the structural system this torsional stiﬀness is delineated by a spring stiﬀness.
The torsional moment has the value of the diﬀerence ΔM between the bending
moments in the deck over the steel girder, see Figure 5.1(b).
(c) The steel girder is very stiﬀ in terms of torsion, e.g. a box girder. As a result,
the entire bending moment in the bridge deck is transmitted into the steel
girder as a torsional moment, see Figure 5.1(c).
Steel bridges usually incorporate stiﬀeners, at least at the supports or locations
where single loads are applied, which transmit the forces into the girder section and
prevent the buckling of the web. They can also have the function of connecting the
steel girders in the transverse direction using additional proﬁles or connecting other
structural elements to the girder however.
Furthermore, stiﬀeners (as shown in Figure 5.3 on page 76), which are usually
added to the steel girder over the support, have a certain inﬂuence on the torsional
ﬂexibility of the girder by reducing warping∗ of the section. One way of reducing
∗Warping is the cross-sectional deformation in the
axis (x-)direction of the girder, resulting from the
warping torsion. (German: Wo¨lbkrafttorsion)
Picture taken from[Pet98].
x
y
z
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P
(a) Torsional ﬂexible steel girders, acting without any restraint, with
qualitative bending moment distribution
kϑ
P
—ΔM
(b) Steel girders with partial torsional stiﬀness and the qualitative bend-
ing moment distribution
P
(c) Steel girders with high torsional stiﬀness acting as a full restraint
Figure 5.1: Inﬂuence of steel girder’s torsional stiﬀness on bending moment in bridge
deck
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warping stiﬀness are stiﬀeners that do not ﬁll the whole section. Such a stiﬀener
must still of course be able to transmit the point loads (at the supports for example)
into the section.
The diﬀerent structural behaviors have the following inﬂuence on the stress distri-
bution inside the adhesive connection between the bridge deck and the steel girders:
1. In the system shown in Figure 5.1(a), a pure vertical force without eccentrici-
ties is acting over the support, i.e. in the connection between girder and deck.
When uplift forces are present, the through-thickness tensile distribution is
uniform.
2. In the system in Figure 5.1(b), bending moments are transmitted from the
bridge deck through the adhesive connection to the upper steel ﬂange, in ad-
dition to the vertical force. These bending moments lead to a linear stress
distribution transverse to the ﬂange. The tensile stresses due to bending in-
crease the uniformly distributed tensile stresses resulting from uplift forces in
the adhesive connections.
3. Since the whole bending moment acting in the bridge deck has to be transferred
by the adhesive connection to the steel girder, very high through-thickness
stresses occur at the edge of the adhesive layer of this system, as shown in
Figure 5.1(c).
Generally, an adhesive thickness of 8mm suﬃciently reduces stress concentrations,
as has been shown in Section 3.6. Therefore, a moment distribution as shown in
Figure 5.1(a) would be the normal case. However, a thickness of almost 0mm might
occur locally due to inadequate tolerances on the construction site. Therefore, this
unfavorable case, as shown in Figure 5.1(b), is investigated and the adhesive layer
is disregarded in the following (while a distribution as shown in Figure 5.1(c) is
hypothetical).
Due to the ﬁxed adhesive connection between the FRP deck and the steel girder,
the FRP deck, when loaded, imposes a rotation ϕ on the upper ﬂanges of the steel
girders. The dimension of this rotation depends on the torsional stiﬀness of the steel
girder. The rotation ϕ of the ﬂange is a combination of the section’s rotation and
the section’s deformation, see Figure 5.2.
Because of the relatively low torsional stiﬀness of -steel proﬁles, the restraint
imposed by the girders cannot be considered as being a full restraint, but may be
represented by a torsional spring with the corresponding spring stiﬀness kϑ, as shown
in Figure 5.1. Theoretically, the spring stiﬀness kϑ is not a property of the steel pro-
ﬁle, but of the whole static system consisting of the steel proﬁle and restraints such as
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stiﬀeners ﬁlling the cross section and preventing warping. Moreover, the relationship
between a torsional moment MT imposed on the steel proﬁle and the corresponding
rotation ϕ of the ﬂange, the spring stiﬀness kϑ, as shown in Equation 5.1, depends
on the position x along the steel girder.
kϑ =
MT
ϕ
(5.1)
(a) Rotation of whole
cross section
(b) Deformation
of web-to-ﬂange
junction, rotation
of upper ﬂange
(c) Deformation of
web
Figure 5.2: Components of ϕ
5.2 Objective
The main aim of this chapter is the investigation of the inﬂuence of the torsional
stiﬀness of the steel girder on the distribution of through-thickness stresses in the
adhesive connection. Since the experimental investigations documented in Chap-
ter 4 showed that the FRP failure is triggered by a combination of tensile through-
thickness stresses σ+z , and shear stresses τxz, it is important to describe the addi-
tional tensile stresses resulting from the (partial) restraint of the FRP deck due to
the torsional stiﬀness of the steel girders.
The objective of the numerical and analytical investigations developed in this
chapter is the determination of the inﬂuence of the (partial) restraint of the bridge
deck due to the torsional stiﬀness of the steel girders on the stress distribution at
the failure location (the outer mat layer of the FRP deck). As mentioned above, the
possible rotation in the adhesive joint is disregarded.
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5.3 Procedure
Two diﬀerent approaches can be adopted to determine the torsional stiﬀness of the
steel main girders:
 Analytical solutions, based on diﬀerent levels of modeling:
– The simplest approach, based on the St.Venant† formulation for tor-
sion, which does not take into account the warping of the section (see [Fri83]);
– Warping torsion, obtained from a quadratic diﬀerential equation, which
takes into account the warping of the section, but still respects the Bernoulli
hypothesis, which does not take into account local deformations of the
section or
– the General Beam Theory (GBT) [Sch89], which allows local deformations
of the section to be analytically taken into account.
 Numerical solution, based on the Finite Element Method.
Owing to the relatively complex structural conﬁguration to be investigated (steel
girders with stiﬀeners, bonded FRP deck on top etc.), it was considered that the
St.Venant approach would be too basic to provide accurate results and that both
the Warping Torsion Theory and the General Beam Theory would be too complex to
use owing to the need to incorporate the stiﬀeners. Thus the necessary calculations
were made using FEA, especially because it also enables local deformations to be
determined.
The plausibility of the FEA was checked analytically in Section 5.5 with formulas
describing the Warping Torsion [Fri83, OH96] on a simpliﬁed girder with a symmetric
cross section (to the two main axes) and without any stiﬀening members.
5.4 Determination of the torsional stiﬀness kϑ of steel girders
The objective of this section is to investigate the inﬂuence of the geometry of the
steel girders and disposition of the stiﬀeners on the magnitude and distribution of the
torsional stiﬀness along the span of the bridge. The procedure chosen to approximate
the steel girders’ torsional stiﬀness by rotational springs was as follows:
 Modeling of one steel girder (including the stiﬀeners);
 loading the modeled girder with a torsion moment MT and
 calculating the corresponding spring stiﬀness using Equation 5.1.
†Adhe´mar Jean Claude Barre´ de SaintVenant, 1797–1886.
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
76 5 Inﬂuence of the torsional stiﬀness of steel girders
5.4.1 FE model
A parameter study was done on a steel girder using the FEA program Ansys. The
geometry of the modeled girder is shown in Figure 5.3. The geometry of the steel
girder consisted of an assembly of areas which were spanned between six (or nine
with stiﬀeners) key points. The key point model of the cross section is shown in
Figure 5.4 on the facing page, and the meshed girder in Figure 5.5.
The girder is supported at six points of the lower ﬂange, as the supporting steel
girder of a bridge would be supported. In order to obtain one ﬁxed support and one
roller support, at x=0 the displacements in x-, y- and z-directions are constrained,
and at x=  only the displacement in y- and z-directions is constrained. The top
ﬂange was ﬁxed in the horizontal direction perpendicular to the girder’s direction.
The following parameters can be changed in the model: the width of the top
ﬂange bf,t, width of the bottom ﬂange bf,b, height of the section h, stiﬀener height hs,
thickness of the top ﬂange tf,t, thickness of the bottom ﬂange tf,b, thickness of the
web tw and girder span .
bf,b
bf,t

h
hs
tf,b
tf,t
tw
ts
x
y
z
P P
Figure 5.3: Steel girder loaded with a pair of forces
The calculations are made under the assumption that all materials remain within
the linear elastic range, assuming that the ﬁnal bridge design will limit the level of
the stresses to that below the yield stresses. The steel was modeled as an isotropic
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bf,t
bf,b
hs
h
  
  
  
Figure 5.4: Key points of cross section in FE model
Figure 5.5: Meshed girder
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material with a Young’s modulus of Es= 210 kN/mm2 [OH96]. Shell elements were
used for the model which were suﬃciently accurate to investigate the global bearing
behavior. The element type chosen was SHELL93.
The applied moment MT is simpliﬁed as two loads of P =1N pointing in oppo-
site directions. These loads are located at the edge of the upper ﬂange at various
locations along the girder. In the real system, the torsional moment would be trans-
mitted linearly. The chosen loading case therefore slightly overestimates the local
deformations of the upper ﬂanges.
The rotation ϕ of the upper ﬂange will be expressed by the vertical displace-
ments uz of the key points  and  where the loads are applied. The spring
stiﬀness kϑ in Equation 5.1 on page 74 can be calculated as follows:
M = P · bf,t = 1N · bf,t (5.2)
Δuz = uz − uz (5.3)
ϕ = Δuz
bf,t
(5.4)
kϑ =
M
ϕ
=
1N · b2f,t
Δuz
[Nmm] (5.5)
The values shown in Table 5.1 were ﬁxed and did not change in the parameter
study. Subsequent to the parameter study, a set of diﬀerent geometries for various
spans was analyzed. The results are shown in Tables B.1 to B.5 on pages 161 ﬀ.
Table 5.1: Fixed dimensions of modeled
girder
span length  =10m
section height h =750mm
top ﬂange width bf,t =300mm
bottom ﬂange width bf,b =360mm
bottom ﬂange thickness tf,b =25mm
web thickness tw =10mm
stiﬀener height hs =375mm
stiﬀener thickness ts =30mm
The inﬂuence of
 the top ﬂange thickness,
 the web thickness,
 the stiﬀeners,
 the number of stiﬀeners and
 the span
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on the deformation of the girder’s cross section was investigated using the FE model
as follows:
Inﬂuence of top ﬂange thickness tf,t
It was of interest, for further calculations, to determine at which locations the rota-
tion, as expressed by Equation 5.1, resulted from the global St.Venant rotation of
the proﬁle and from local bending of the ﬂanges or the web. This was investigated
on the girder shown in Figure 5.3, featuring a stiﬀener at each end (hs=h/2). The
top ﬂange thickness varied between 4mm and 16mm.
Inﬂuence of web thickness tw
The web thickness plays an important role with regard to the torsional stiﬀness of
a girder. Again a girder with the basic dimensions given in Table 5.1 is examined.
The diﬀerent web thicknesses tw varied between 4mm and 16mm, while the top
ﬂange thickness remained constant (tf,t=20mm). Stiﬀeners were included at each
end (hs=h/2).
Inﬂuence of stiﬀener height hs
The inﬂuence of stiﬀener height was investigated: for the girder in Figure 5.3 the
initial values given in Table 5.1 were used. The height of the stiﬀeners varied between
hs=0.5h and a full stiﬀener (hs=1.0h) connected with the ﬂange.
Variation in number of stiﬀeners
The stiﬀeners shown in Figure 5.3 on page 76 are located at the supports. More
stiﬀeners could be used, for example to connect cross-beams to the girder. The
ﬂexibility of a section due to diﬀerent numbers of stiﬀeners, with 2, 3, 4 and 12
stiﬀeners equally distributed over the girder, was compared. The stiﬀeners had the
height of hs=0.5h, the girder’s dimensions as listed in Table 5.1 on the preceding
page were used.
5.4.2 FEA Results
Inﬂuence of top ﬂange thickness
Figure 5.6 on the following page shows the curvature of the upper ﬂange between
the two loading points in the center of the girder, causing the torsional momentMT .
The deformations uz provide information concerning:
 The straightness of the top ﬂange.
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 The rotation of the top of the web, expressed by the inclination of the curves
in the middle of the ﬂange.
With regard to the former, it could be clearly recognized that with increasing
ﬂange thicknesses tf,t, the deformations tended to be more and more linear; from
thicknesses tf,t of 10mm onwards, they could be considered as being almost linear.
This means that from tf,t=10mm onwards, the rotation ϕ results mainly from the
ﬂexibility of the web. In bridges, ﬂange thicknesses of less than 10mm are not
generally used.
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Figure 5.6: Deﬂections of upper ﬂange for diﬀerent ﬂange thicknesses tf,t
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Inﬂuence of web thickness
The diagram in Figure 5.7 shows that the smaller the web thickness, the more
equally distributed is the spring stiﬀness of the section. With a web thickness of
4mm the spring stiﬀness at the supports is almost the same as the spring stiﬀness
at mid-span, whereas for the web thickness of 16mm the spring stiﬀness varies more
throughout the girder. The zone inﬂuenced by the stiﬀener is larger when thicker
webs are used, but negligible in the case of webs thinner than 12mm. This leads to
a peak at about a quarter (and three-quarters) of the girder’s length for girders with
web thicknesses of between 12 and 16mm. For girders with thinner webs, the zone
inﬂuenced by the stiﬀeners is much smaller and does not have a stiﬀening eﬀect that
is measurable at the top ﬂange. Therefore a stiﬀener that ﬁlls half of the proﬁle’s
height has a greater inﬂuence on rotational stiﬀness in the case of thicker webs. Over
the supports, stiﬀness noticeably decreases owing to the free ends.
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Inﬂuence of stiﬀener height
The spring stiﬀness, measured over a large area in mid-span, is not markedly inﬂu-
enced by the height of the stiﬀeners at the ends of the span, see Figure 5.8. This is
valid for a stiﬀener height of up to hs = 0.98h. As long as the stiﬀener does not ﬁll
the whole section, it can be considered as being approximately constant over 80 % of
the span. The reason for this is that there is still a considerable amount of ﬂexibility
resulting from the top of the web. For stiﬀeners ﬁlling the whole cross section, the
spring stiﬀness increases asymptotically, due to the fact that lateral bending of the
web is prevented. Even then however, the torsional stiﬀness kϑ increases only over
the last 15–20% of the span towards the ends, not aﬀecting the mid-span where this
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inﬂuence remains minor. The torsional ﬂexibility of the considered girder hardly
depends on the stiﬀener height, as long as it is not connected to the top ﬂange.
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Inﬂuence of number of stiﬀeners
The plot showing the inﬂuence of the number of stiﬀeners on the spring stiﬀness
is shown in Figure 5.9 on the next page. It can be seen that with an increasing
number of stiﬀeners, spring stiﬀness does not noticeably increase. Even if twelve
stiﬀeners are used, resulting in an unrealistic stiﬀener-to-stiﬀener distance of less
than one meter, the ﬂexibility of the steel girder remains approximately the same
as the torsional ﬂexibility of the girder if only two support stiﬀeners are used. This
again shows that the ﬂexibility of the steel girders originates from the top of the
web.
5.5 Analytical determination of spring stiﬀnesses
An analytical calculation was carried out by using formulas describing the warping
torsion as a plausibility check for the FEA. The stiﬀnesses are calculated and plotted
over the length of the beam. For both methods, analytical and numerical, a girder
of the same geometry, as shown in Figure 5.10, is used. The analytical model does
not respect local deformations, i.e. the Bernoulli hypothesis is included. Therefore
fork bearings‡ were also applied at the supports in the FE model.
‡Bearing at the end of a girder that prevents deformations in orthogonal directions to the beam’s
(x-)axis as well as rotations around the x-axis; the warping of the cross section is not constrained.
In German Gabellager.
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Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
84 5 Inﬂuence of the torsional stiﬀness of steel girders
For sections where warping plays an important role§, the relationship between
applied torsion moment MT and rotation ϕ can be determined by solving the dif-
ferential equation describing the mechanics of the problem. For simply-supported
beams with symmetric cross sections and fork bearings, the solution can be found
in [OH96, Fri83, RCL72]:
ϑ(x) = MT
EIω · λ3
⎡
⎣λ · x
2 −
sinh
(
λ · 2
)
sinh(λ · ) · sinh(λ · x)
⎤
⎦
where
λ =
√
GIT
EIω
= 6.625m−1
IT =
2
3 t
3
f (bf − 0.63 tf ) +
t3w
3 (h− 2 tf )
+
[(
r + tw2
)2 + (r + tf )2 − r2
2 · r + tf
]4
· 2 tw
tf
(
0.145 + 0.1 r
tf
)
= 1.880 · 10−3 m4
— 2nd degree torsion moment of inertia
tf = tf,b = tf,t
Iω =
tf · b3f (h− tf )2
24 = 1.652 · 10
−5 m6
— 2nd degree warping torsion moment of inertia
(5.6)
The initial parameters given in Table 5.2 were used.
Table 5.2: Dimensions of modeled girder
Young’s modulus Es =210 000N/mm2
shear modulus Gs =81 000N/mm2
ﬂange width bf =350mm
ﬂange thickness tf =20mm
web thickness tw =10mm
section height h =700mm
radiusa r =0mm
aradius of web-to-ﬂange junction of an -cross sec-
tion
The torsional stiﬀness is determined from Equation 5.1, page 74.
§As for the open -proﬁles used in the current bridge model.
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Comparison of analytic and FEA results
The spring stiﬀness for the girder shown in Figure 5.10 can be plotted over the span
of the girder, and the result is displayed in Figure 5.11 versus the torsional stiﬀnesses
obtained analytically and by FEA.
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Figure 5.11: Analytic and FE re-
sults for torsional stiﬀnesses
Since cross-sectional deformations are not respected in this model, deformations
over the supports are not considered, which leads to a spring stiﬀness at the girder’s
ends of kϑ=∞.
As the two graphs show good congruence, it can be concluded that the FE calcula-
tions are validated by the analytical results. For the purpose of the FRP bridge, the
FEA results are more reliable than the analytical ones because local deformations
are considered.
5.6 ΔM/Fup ratios obtained by a two-dimensional analysis
A typical cross section of a bridge with steel main girders and an FRP bridge deck
with bonded connections is considered, see Figure 5.12(a) [KS04]. The cross section
is reduced to a two-dimensional static system, shown in Figure 5.12(b): each steel
girder has been replaced by a vertical support and a spring with the torsional stiﬀ-
ness kϑ of the corresponding steel girder. Various torsional stiﬀnesses kϑ, relating
to diﬀerent steel girders for bridges with spans of between =10m and 30m, are
assumed and taken from Tables B.1 to B.5, page 161 ﬀ., which cover realistic dimen-
sions of steel main girders used in bridges with lengths of between 10m and 30m.
The steel girders have stiﬀeners at each support with the height hs=0.5h.
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2.7 m
(a) Basic cross section of a bridge
kϑ
(b) Structural system with torsion springs
Figure 5.12: Cross section of a bridge system with bonded connections
The aim of this section is the determination of the reaction forces ΔM and Fup
in the bridge deck over the steel girders (see Figure 5.1 on page 72) resulting from
the most unfavorable load combinations. The obtained ΔM/Fup ratios will then
be used for the determination of the maximum through-thickness stresses σz in the
adhesive layer.
The objective is to ﬁnd the following:
1. The load combination resulting in the maximum ΔM/Fup ratio over a steel
girder.
2. The load combination resulting in the maximum reaction force Fup.
With these load combinations, the most unfavorable stress situation in the adhesive
layer can be determined.
Maximum ΔM/Fup ratio
The purpose is to achieve a high bending moment in one of the supports and to
have tensile stress from an uplift force in the adhesive layer simultaneously. The
load disposition, shown in Figure 5.13 on page 88, was found by determining the
maximum values of all possible load combinations. A second axle load could be
disregarded, since it would act advantageously. The maximum ΔM/Fup ratio occurs
over the third steel girder (from the right). The obtained reaction forces ΔM and Fup
for diﬀerent steel girders with their corresponding torsional stiﬀnesses are shown
in Table 5.3. The reaction forces in the table are characteristic values, without
safety factors. The torsional stiﬀnesses were determined from FEA calculations as
described in Section 5.4. The reaction forces were calculated on a two-dimensional
static system, shown in Figure 5.12(b).
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Table 5.3: Maximum ΔM/Fup-ratio with tension in the adhesive
kϑ [kNm] ΔM [kNm] Fup [kN] e=ΔM/Fup [mm]
400 0.065 2.333 27.9
380 0.062 2.339 26.5
360 0.059 2.344 25.2
340 0.056 2.350 23.8
320 0.053 2.356 22.5
300 0.050 2.361 21.2
280 0.046 2.367 19.4
260 0.043 2.373 18.1
240 0.040 2.379 16.8
220 0.037 2.384 15.5
200 0.034 2.390 14.2
180 0.030 2.396 12.5
160 0.027 2.402 11.2
140 0.024 2.408 10.0
120 0.021 2.414 8.7
100 0.017 2.420 7.0
80 0.014 2.426 5.8
70 0.012 2.429 4.9
60 0.010 2.432 4.1
50 0.009 2.435 3.7
40 0.007 2.438 2.9
30 0.005 2.441 2.0
20 0.003 2.444 1.3
10 0.002 2.448 0.8
5 0.001 2.449 0.4
3 0.001 2.450 0.3
1 0 2.450 0
0 0 2.450 0
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2.5 kN/m2
9 kN/m2
150 kN 150 kN
1 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 1 m
23.6 m
Figure 5.13: Load setting for maximum ΔM/Fup ratio with tensile stress in adhesive
with corresponding (qualitative) deformation of bridge deck
Maximum uplift force Fup
To obtain the maximum possible tensile stress that might occur in the adhesive layer,
the load is disposed on the model bridge as shown in Figure 5.14. The maximum
uplift force occurs over the third steel girder (from the right). The parameter study
results for this load case are shown in Table 5.4.
9 kN/m2
2.5 kN/m2 2.5 kN/m2
150 kN 150 kN
1 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 2.7 m 1 m
23.6 m
Figure 5.14: Load disposition for maximum tensile stress in adhesive layer with corre-
sponding (qualitative) deformation of bridge deck
The results given in Tables 5.3 and 5.4 will be used for the determination of the
stress situation in the adhesive layer in Section 6.5.
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Table 5.4: Maximum tension in adhesive layer
kϑ [kNm] ΔM [kNm] Fup [kN] e=ΔM/Fup [mm]
400 0.046 3.081 14.9
380 0.044 3.088 14.2
360 0.042 3.096 13.6
340 0.040 3.103 12.9
320 0.038 3.110 12.2
300 0.035 3.117 11.2
280 0.033 3.125 10.6
260 0.031 3.132 9.9
240 0.029 3.139 9.2
220 0.026 3.147 8.3
200 0.024 3.154 7.6
180 0.022 3.162 7.0
160 0.019 3.169 6.0
140 0.017 3.177 5.4
120 0.015 3.185 4.7
100 0.012 3.192 3.8
80 0.010 3.200 3.1
70 0.009 3.204 2.8
60 0.007 3.208 2.2
50 0.006 3.212 1.9
40 0.005 3.216 1.6
30 0.004 3.220 1.2
20 0.003 3.224 0.9
10 0.002 3.228 0.6
5 0.001 3.230 0.3
3 0 3.230 0
1 0 3.230 0
0 0 3.230 0
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5.7 Conclusions
The torsional stiﬀness of the steel main girders in a bridge system with bonded
FRP bridge deck may have considerable inﬂuence on the stress distribution in the
adhesive layer, if a minimal adhesive layer thickness (8–10mm) is not respected.
Steel girders with various geometries and their inﬂuence on torsional stiﬀness were
analyzed using ﬁnite element calculations and analytically validated. It was estab-
lished that determination of torsional stiﬀnesses using FEA provides more applicable
results because local deformations are considered.
Furthermore, the inﬂuence of the web thickness and the stiﬀeners on the torsional
stiﬀness kϑ was determined: for girders with thin webs, stiﬀness is equally distributed
over the girder’s length, with decreasing stiﬀness over the supports. Stiﬀeners at
the girder’s ends have a greater inﬂuence on torsional stiﬀness for web thicknesses
> 12mm. However, it was also noticed that stiﬀeners have a relatively small inﬂuence
on torsional stiﬀness if they are not connected to the top ﬂange.
The inﬂuence of the adhesive layer on rotational stiﬀness was disregarded in the
calculations, which is the most disadvantageous case. As shown in the experiments
described in Chapter 3, an adhesive thickness of 8–10mm can be suﬃcient to provide
a ﬂexible connection that prevents stress concentrations, even in combination with
a stiﬀ steel girder. The adhesive layer thickness is also a design parameter, which
can be deﬁned by the engineer, in order to prevent stress concentrations in certain
locations, as for example above a stiﬀening element in the steel girder.
The results elaborated in this chapter supply the basic data for the determination
of tensile stresses in the adhesive layer. This is carried out in Section 6.5 by super-
posing stress distributions resulting from pure uplift forces and moment loadings on
the adhesive layer between bridge deck and steel girder.
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6 Determination of the stress distribution inside
the adhesive layer
6.1 Introduction
The aim in this chapter is to determine the locations and values of stress concen-
trations in the adhesive layer resulting from vertical tensile forces and moments. A
method that allows the stress distribution to be calculated using analytical formulas
will be proposed.
A stress concentration factor μ will be determined, which indicates the magnitude
of the stress concentrations related to the average tensile stress σ¯+z in the adhesive
connection. The distribution of the tensile through-thickness stresses σ+z is depen-
dent on several parameters, such as the steel girder geometry, type of adhesive and
adhesive layer thickness as well as on the geometry and material properties of the
bridge deck.
6.2 Procedure
The maximum vertical through-thickness tensile stresses σ+z,max are evaluated via
the followings steps:
1. Calculation of the uplift forces and bending moments transmitted by the bridge
deck to the steel girder.
2. Determination of the corresponding adhesive connection area which has to
transmit the forces.
3. Calculation of the average through-thickness stress σ¯+z inside the adhesive
connection.
4. Determination of the stress concentration factors and their application to cal-
culate the maximum stresses σ+z,max inside the adhesive layer, or more precisely
in the surface mat layers of the FRP material where the failure occurs.
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The determination of the stress concentration factors is accomplished in several
stages:
1. An FE parameter study is carried out on several geometries of FRP bridge
decks in Section 6.3. The distribution of the through-thickness stresses and
the location of stress concentrations are determined. The study investigates
the inﬂuence of the web thickness of the deck and the web’s inclination on the
stress distribution.
2. An analytical determination of the through-thickness stresses is carried out in
Section 6.4. This is divided into the stress distribution in the steel girder’s
(x-) direction (Section 6.4.1) and the distribution in the bridge deck’s pul-
trusion (y-) direction (Section 6.4.2). Combining these distributions gives the
maximum through-thickness stresses σ+z,max (Section 6.4.3).
3. Analytical and numerical results are compared and discussed and stress con-
centration factors are determined.
All calculations are performed under the following assumptions:
1. The material behavior in all stress states is linear-elastic.
2. The material properties of the bridge deck elements and the adhesive are shown
in Table 3.3 on page 35 and Table 3.5 on page 37.
3. Only uplift forces are considered initially; the inﬂuence of bending moments
in the bridge deck above the adhesive layer is investigated in Section 6.5.
6.3 Numerical modeling
6.3.1 Introduction
Two models with diﬀerent geometries were generated for FE calculations:
1. A beam model, described in Section 6.3.2 on the facing page.
2. A modular deck unit (MDU) model, described in Section 6.3.3 on page 97.
Two diﬀerent models were created for the following reasons: the beam model was
used to simulate the structure’s global behavior. This includes, for instance, the
behavior of the adhesive connection resulting from the inner forces in the bridge
deck, such as shear, which is mainly transmitted via the bridge deck webs and could
not be simulated in the modular deck unit (MDU) model.
The MDU model was made especially for local stress analysis. Due to the reduced
geometry, an improved mesh compared to the relatively coarse mesh used in the
beam model was possible. The coordinate directions are as follows:
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 x is the bridge’s longitudinal direction (see Figure 1.1, page 4, and Figure 6.2),
 y-direction is the bridge’s transverse and the bridge deck’s pultrusion direction,
 z-direction is the vertical (through-thickness) direction.
6.3.2 Beam model
$ % $
l
P
l
P
Figure 6.1: Static system
The model was used to determine the inﬂuence of the
web’s angle αsw on the maximum value of the σ+z stress.
As already mentioned, only pure uplift forces were con-
sidered in this ﬁrst step. This was done by using the
static system shown in the adjacent Figure 6.1. Due to
symmetry boundary conditions (see below), the structure can be described by a con-
tinuous girder. The deck is loaded on the lower side. A load pad (200mm× 608mm)
was modeled for the FE calculations in order to guarantee a realistic load introduc-
tion. This geometric set-up was chosen in order to obtain a pure uplift force over the
middle adhesive connection, with a symmetric bending moment distribution above
the adhesive layer; the loaded proﬁle is not inclined over the middle support. Fur-
thermore, the load is not introduced on the top panel (as in the MDU model in
Section 6.3.3), but through the webs of the proﬁle, i.e. the uplift force results from
the shear in the bridge deck. The load was set to p=1N/mm2 on the load pad,
which was of the same size as the adhesive connection layer.
The calculations were made using Ansys with the SOLID185 element type. The
model’s geometry is shown in Figure 6.2 on the next page. It has two planes with
symmetric boundary conditions: the front plane (in the x-z-direction) and one side
(y-z-direction), which results in an eﬀective width of four instead of two two-cell
bridge deck proﬁles. The steel girder under the investigated adhesive connection is
also in a symmetry plane, and therefore only a quarter of it was modeled. The lower
part of the steel girder was not modeled because it has no inﬂuence on the stress
distribution in the adhesive layer, in this case, of a pure uplift force. The support
at the end of the structure is located on the upper side of the bridge deck, and thus
will only work under pressure. A span of 2.7m was chosen, which is a reasonable
span for common bridge decks, see [KS04].
Several types of deck geometries with diﬀerent web inclinations αsw in the range
of 55◦ to 90◦ were investigated. A geometry with a web inclination smaller than 55◦
was not investigated as it was not considered structurally reasonable, since it would
act disadvantageously with regard to the bending stiﬀness of the bridge deck. Every
second web of these bridge decks is inclined, the webs in between being vertical,
see Figure 6.3(a) to 6.3(d) on page 95. All FE calculations were performed in the
linear-elastic range with the same bridge deck geometry concerning the thicknesses
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x
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z
608mm 1350mm
1350mm
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Figure 6.2: Symmetric 3D-model
of the webs and face sheets (see Table 6.1), but diﬀerent web inclinations, as shown
in Figure 6.3.
Inﬂuence of web inclination on stress distribution
The computed stress distributions in x-direction at y=0 are shown in Figure 6.4.
The σz stresses are taken from the adhesive-FRP interface, σ¯z being the average
stress in the adhesive layer of the middle support. An inclined web transfers smaller
stresses in z-direction than does a less inclined web. This means that the vertical
web next to the inclined web transfers the highest stresses. Factor κσz , in Figure 6.5,
describes the increase in the maximum stress due to a web inclination αsw in relation
to the stress distribution under a bridge deck with only vertical webs (αsw=90◦).
κσz(αsw) =
σ+z,max(αsw)
σ+z,max(αsw = 90◦)
(6.1)
With increasing web inclination, maximum stresses attain a value which can be twice
as high for a web inclination of 55◦ as that occurring in the case of a geometry with
only vertical webs.
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(a) αsw = 90 ◦ (b) αsw = 85 ◦
(c) αsw = 70 ◦ (d) αsw = 55 ◦
Figure 6.3: FE models with diﬀerent web inclinations
Table 6.1: Bridge deck geometry of beam
model
component dimensions
deck height Hds = 195mm
web thickness tsw = 12mm
face sheet thickness tp = 21mm
adhesive thickness tadh = 8mm
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6.3.3 Modular deck unit (MDU) model
The MDU model is reduced to one section, which includes only a part of the bridge
deck, adhesive layer and steel girder. Symmetry boundary conditions were consid-
ered, allowing a further reduction of the modeled section. Figure 6.6 shows the
modeled unit in its position inside the bridge and the diﬀerent materials of which it
is composed.
(a) The darkened part was modeled with ﬁ-
nite elements for numerical calculations
adhesive
FRP webs
FRP face 
   sheet
steel
b /2f
Hds
tadh
neoprene barrier
FRP face 
    sheet
tp
tp
tsw t  /2sw
t  /2sw
2 · lm
y
z
(b) Materials used in model
Figure 6.6: Modeled section
Diﬀerent geometries were modeled:
1. A model with only vertical webs, the VS-geometry, shown in Figure 6.7, was
basically used for cross-checking the analytical results referred to in Section 6.4
on page 104, but also to investigate the inﬂuence of the web thickness.
2. A model with inclined webs, the IS-geometry (see Figure 6.8 on the following
page).
3. A derivative of the IS-model, the DS-geometry, which corresponds to the
DuraSpan 766 geometry. The IS- and DS-geometries were mainly used to
investigate the inﬂuence of a changing panel thickness. The DS model is
shown in Figure 6.9∗, page 99.
The geometric values of the three models are given in Table 6.2.
∗The neoprene barrier was also modeled, but is not distinguishable from the other material in
Figure 6.9(b).
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
98 6 Determination of the stress distribution inside the adhesive layer
H
t
t
tp
p
csw
tf
b /2f
adh
ds
lm
b N
t  /2sw
t /2w
Figure 6.7: Model with vertical webs: VS-geometry
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Figure 6.8: Model with inclined webs: IS-geometry
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Figure 6.9: Model with inclined webs: DS-geometry
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Table 6.2: Speciﬁc values used for calcula-
tion of VS-, IS- and DS-geometries (see
Figures 6.7 to 6.9)
deck height Hds = 195 mm
module length lm = 152 mm
basic web thicknessa tsw = 12 mm
face sheet thickness tp = 21 mm
face sheet thickness t∗p = 18 mm
web inclinationb αsw = 75.3 ◦
adhesive thickness tadh = 8 mm
aAverage values from the specimens described in
Section 3.4.3 were taken. Therefore values dif-
fer slightly from the geometry shown in Fig-
ure 3.11. In the case of the VS-geometry vari-
ations with greater web thicknesses were also
analyzed.
bFor IS- and DS-geometries only.
Only the upper part of the steel girder was modeled as shown in Figures 6.6 to 6.9.
The model was ﬁxed in all directions on the cut area of the ﬂange. Each model was
loaded with uniformly distributed line loads on the model’s top face over the three
webs. The resulting uplift force leads to an average through-thickness tensile stress
σ¯z =1 Nmm2 .
Results for VS-geometry
The bridge deck’s web thickness has a considerable inﬂuence on the shape of the
stress distribution and therefore on the stress concentration and its magnitude.
This also concerns the transverse (y-)direction, and particularly the longitudinal
(x-)direction.
FE analyses of vertical through-thickness stresses σ+z showed that these stresses
are concentrated beneath the webs, while the areas between the webs were not
loaded at all, see Figure 6.10. Furthermore, the stress distributions in y-direction
exhibit stress concentrations near to the edges, which are smaller than in the center
however.
The thinner the web, the more signiﬁcant the stress peaks near to the edges. Under
a very thick web, the stress peaks disappear, see Figure 6.11(a), and the stresses are
generally smaller. In the longitudinal direction, vertical through-thickness stresses
are only transmitted under the webs. σz stresses do not occur within a distance
of approximately 15mm of the edge of the web, see Figure 6.11(b). σ¯z is deﬁned
by the average stress in the adhesive layer between two bridge deck webs, which is
1N/mm2 in this case, as previously stated.
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Figure 6.11: Stress distribution of vertical through-thickness (σz) stresses in FRP-
adhesive interface (determined by VS-geometry); the center of the vertical web is
placed at x=152mm
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
102 6 Determination of the stress distribution inside the adhesive layer
Results for IS- and DS-geometries
Comparisons of the two models (see Figures 6.8 and 6.9) showed that the section
with the thinner lower bridge deck face sheet (tp ↔ t∗p, see Figure 6.9(a)) had no
inﬂuence on the shape of the stress distribution in the adhesive layer. A stress distri-
bution in the adhesive layer calculated with the DS model is shown in Figure 6.12.
Comparisons with the IS model showed the same results.
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Figure 6.12: Normalized stress distribution σz/σ¯z in FRP-adhesive interface (DS-
geometry)
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The calculations also showed that the stress states on the FRP-adhesive interface
and inside the FRP material (down to a depth of ∼ 2mm) are almost the same
(see Figure 6.13 on the preceding page). As shown in Chapters 3 and 4, the failure
usually occurs in the surface layer mats. Therefore, it is important to know that
no distinction between the stress states in the FRP-adhesive interface and the FRP
surface layer mats needs to be made.
6.3.4 Conclusions from numerical modeling
With the beam model, the eﬀect of the webs and their inclinations on the stress
distribution in the adhesive layer was shown. To describe this eﬀect, the factor κσz
was deﬁned and determined, which describes the increase of the stress concentration
beneath the bridge deck webs, depending on their inclination. It was shown that
inclined webs increase the normal through-thickness stress in the adjacent vertical
webs by up to a factor of 2.
The MDU models were used for more precise investigations of the stress distri-
butions. They showed that the normal through-thickness stresses are mainly dis-
tributed beneath the bridge deck webs. Between the webs, they almost disappear.
In the y-direction, the maximum stress distribution occurs in the center over the
steel girder’s web with stress concentrations near to the edges. Investigations in-
volving diﬀerent steel girder geometries showed that the stress concentration near
to the edges always has a smaller value than the maximum in the center. The stress
distribution on the surface and 2mm inside the FRP material is the same.
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6.4 Analytical determination of σz stresses
The method used to determine the analytical stress distribution will enable the
shape of the σz stress distribution to be described using analytical formulas. When
the average stresses σ¯+z
(
= FupAadh
)
in the adhesive layer are known, the maximum
value σ+z,max can be calculated by comparing the volume under the analytical stress
distribution described by a function f with the volume being determined by the
mean stresses and the area of the bonded connection, see Equation 6.2. In this
section, the calculations are made under the assumption that there are no bending
moments acting in the adhesive layer. The inﬂuence of bending moments in the
bridge deck over the steel girder is investigated in Section 6.5.
σ¯+z ·Aadh = Fup = σ+z,max ·
∫ ∫
Aadh
f(x, y) dxdy
with f(x, y) = stress distribution
(6.2)
With the FE analysis carried out in Section 6.3 it was shown that the stress dis-
tribution in x-direction depends mainly on the bridge deck geometry. Section 6.4.1
describes the distribution by these geometric values. The distribution in y-direction
(Section 6.4.2), on the other hand, is mainly related to the geometry of the steel
girder.
6.4.1 Stress distribution in x-direction
In the following section the stress distribution for FRP bridge decks with vertical
webs is investigated and is subsequently adapted to bridge deck geometries which
also include inclined webs.
It is assumed that the σz stresses are only concentrated beneath the webs, as
shown by the FE stress analysis in Section 6.3. Therefore, a limited area beneath
the webs wherein stresses are transmitted from the bridge deck to the connective
adhesive can be determined. Vertical through-thickness stresses outside this area
are negligibly small; an example is shown in Figure 6.12 on page 102. As shown
in Figure 6.14 on the next page, the area beneath the stress distribution can be
calculated from the geometry of the bridge deck†, which gives the base width bbs
under the bridge deck webs in the deck-adhesive interface. The inﬂuence angle for
the spreading of the stresses in the lower face sheet was assumed to be 45%.
Based on the width bbs, the stress distribution in x-direction is approximated by
Equation 6.3 on the facing page, which describes a function of cosine to the power of
†The web thickness tsw and the panel thickness tp.
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Figure 6.14: Eﬀective width bbs; a σz distribution is drawn under the third web
a factor nx, depending on the ratio tswtp . Equation 6.3 describes the stress distribution
in the interface between the adhesive layer and steel girder under each web.
σz(x) = σz,max · cosnx
(
π
bbs
x
)
(6.3)
for − bbs2 ≤ x ≤
bbs
2
with bbs = tsw + 2 tp
By varying the bridge deck’s web thickness tsw and the panel thickness tp, the
inﬂuence of the ratio tswtp on the stress distribution in the FRP-adhesive interface
was examined (see the curves in Figures 6.15 to 6.18). Further diagrams are shown
in Appendix C.1, page 163. The factor nx inﬂuences the shape of the cosine curve
approximating the stress distribution. Integer values of between 2 and 8 showed
good agreement with the shapes of the distributions obtained by the numerical
calculations, especially for values ±20mm around the maximum stress value. For the
VS-geometry with a web thickness tsw=12mm and a panel thickness tp=21mm,
the optimal factor nx would be ﬁve, see Figure 6.17.
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The results of the numerical calculations are included in Figure 6.19 on the next
page, which shows the resulting factors nx for several web thickness to panel thick-
ness ratios tswtp ranging between 0.3 and 2. The factors determined with FEA could
be approximated by the function shown in Equation 6.4:
nx =
3
tsw
tp
+ 0.05
(6.4)
As deﬁned in Equation 6.2, the stress distribution in the adhesive connection is
described by a function f(x, y). The determination was carried out in two steps:
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ﬁrstly by describing the distribution in x-direction (in this section) and secondly in
y-direction (Section 6.4.2).
The value of the deﬁnite integral (Bx) of the stress distribution in x-direction
(Equations 6.5 to 6.7) is required for the determination of σz,max and has been
calculated for diﬀerent values of nx.‡ The value determined in Equations 6.5 to 6.7
is the area Bx under the stress distribution in x-direction and therefore the inner
integral in Equation 6.2.
For nx = 5
Bx = σz,max
bbs
2∫
− bbs2
cos5
(
π
bbs
x
)
dx = σz,max · 16 bbs15π = 0.340 · bbs · σz,max
(6.5)
For nx = 6
Bx = σz,max
bbs
2∫
− bbs2
cos6
(
π
bbs
x
)
dx = σz,max · 5 bbs16 = 0.313 · bbs · σz,max
(6.6)
‡For the analytical solution of the deﬁnite integrals, the Mathematica program was used.
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For nx = 7
Bx = σz,max
bbs
2∫
− bbs2
cos7
(
π
bbs
x
)
dx = σz,max · 32 bbs35π = 0.291 · bbs · σz,max
(6.7)
6.4.2 Stress distribution in y-direction
The numerical calculations on the geometries in Section 6.3 showed that the stress
distribution in y-direction is approximately constantly distributed over its length, see
Figure 6.12 on page 102. Most conﬁgurations have their maximum value σz,max in
the middle of the length bf and further (smaller) peaks near to the steel girder’s edge,
as shown in various diagrams calculated on diﬀerent geometries (see Appendix C.2,
page 164 ﬀ.). The investigated steel girders had the following parameters: web
thickness tw between 6 and 22mm, ﬂange width bf between 220 and 450mm and
ﬂange thickness tf between 23 and 50mm. All reasonable geometries were covered
by these values.
It is not possible to describe the stress distributions in y-direction by a close-
form equation, apart from using equations comprising too many factors. There-
fore, a stress distribution composed of linear and constant functions is used. To
approximate the stress distribution in the direction from one edge of the steel
ﬂange to the other, an eﬀective inner width bi is deﬁned by Equation 6.8, taken
from [OH96, DIN90] and extended by a term designating the adhesive thickness,
see Figure 6.20. In this equation a spread of the stresses inside the steel with an
inﬂuence angle of 1 : 2.5 is assumed. It is supposed that the stresses over this inner
width attain their maximum value σz,max. From this maximum value, the stress
distribution decreases towards the edges of the eﬀective width beﬀ , which is the steel
ﬂange’s width bf , minus the width of the neoprene barrier bN , see Equation 6.9.
bi = tw + 1.61 r + 5 tf + 2 tadh (6.8)
beﬀ = bf − 2 bN (6.9)
where tw is the steel girder web thickness, r the radius of the steel girder’s web-to-
ﬂange junction, tf the steel ﬂange thickness, tadh the adhesive thickness, bf the steel
ﬂange width and bN the width of the neoprene barrier.
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Figure 6.20: Simpliﬁed stress distri-
bution in y-direction depending
on reduced widths beﬀ and bi
The distribution of the through-thickness stresses σz along a path in y-direction
is shown in Equation 6.10. It is a symmetric function composed of three segments:
a linear function with the slope χ starting at the edge (y= bN ), a constant part with
the width bi, and another linear function up to the other edge, see Figure 6.20. σ¯z
is determined by the whole area beneath the function, including the side caps.
σz
σ¯z
(y) =
⎧⎪⎪⎨
⎪⎪⎩
χy + ψ for bN ≤ y ≤ bf−bi2
1 for bf−bi2 < y <
bf+bi
2
−χy + ω for bf+bi2 ≤ y ≤
bf+beﬀ
2
(6.10)
with
χ = 2
bf − bi − 2 bN ; ψ = −
2 bN
bf − bi − 2 bN ; ω =
2 (bf − bN )
bf − bi − 2 bN
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6.4.3 Determination of σ+z,max
In order to calculate σ+z,max, the stress distribution in the interface of the lower
bridge deck panel is obtained by combining the distributions in x- and y-directions
(Equations 6.3 and 6.10) and Equation 6.11. The graph for a typical geometry with
vertical webs is shown in Figure 6.21.
σz(x, y) = σz,max · cosnx
(
π
bbs
x
)
·
⎧⎪⎪⎨
⎪⎪⎩
(χy + ψ) for bN ≤ y < bf−bi2
1 for bf−bi2 ≤ y ≤
bf+bi
2
(−χy + ω) for bf+bi2 < y ≤
bf+beﬀ
2
(6.11)
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Figure 6.21: Analytically determined stress distribution in interface of adhesive and
lower bridge deck panel for tsw =12mm, tp=21mm, tw =10mm, r=0, bf =200mm,
tf =25mm, αsw =90◦
The volume under this graph equals the vertical force Fup which is transmitted
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from the bridge deck to the steel girder. Equation 6.12 is the sum of the distributions
under all bridge deck webs of the corresponding adhesive layer.
Fup =
n∑
j=1
∫ xj+ bbs2
xj− bbs2
∫ bf−bN
bN
σz(x, y) dxdy
=
n∑
j=1
[ ∫ xj+ bbs2
xj− bbs2
∫ bi
bN
2 · σz,max · cosnx
(
π
bbs
x
) 2 (y + bN )
bf − bi − 2 bN︸ ︷︷ ︸
stress distribution of side caps
dxdy
+
∫ xj+ bbs2
xj− bbs2
∫ bf+bi
2
bf−bi
2
σz,max · cosnx
(
π
bbs
x
)
· beﬀ︸ ︷︷ ︸
stress distribution of middle part
dxdy
]
(6.12)
Equation 6.13 solves the deﬁnite integral of the stress distribution under one ver-
tical web for nx=5, which is the appropriate factor for a bridge deck with a ratio
tsw/tp=12/21, see Figure 6.19 on page 108.
Fup,j = 2 · σz,max ·
∫ bbs
2
− bbs2
∫ bf−bi
2
bN
cos5
(
π
bbs
x
) 2 (y + bN )
bf − bi − 2 bN dxdy
+ σz,max ·
∫ bbs
2
− bbs2
∫ bf+bi
2
bf−bi
2
cos5
(
π
bbs
x
)
· beﬀ dxdy
= σz,max
(
2 · 4 bbs (bf − bi − 2 bN )15π +
16 bbs bi
15π
)
(6.13)
By incorporating Equations 6.14 and 6.15, the stress concentration factor μσz
results in Equation 6.16, which describes the ratio of the maximum to the average
value of the σz stress distribution.
σ¯z =
Fup,j
Aadh
= Fup,j
beﬀ · lm (6.14)
μσz =
σz,max
σ¯z
(6.15)
μσz(nx = 5) = beﬀ · lm
(8 bbs (bf − bi − 2 bN )
15π +
16 bbs bi
15π
)−1
(6.16)
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Equation 6.16 determines the stress concentration factor μσz for vertical webs
with a ratio tsw/tp=12/21. Comparisons between analytically and numerically de-
termined stress distributions for several steel girder geometries are shown in Fig-
ure 6.22 and Appendix C.2, page 164 ﬀ. The stress distributions on steel girders
with thin webs and wide ﬂanges exhibit remarkable stress concentrations in the
center of the connection layer over the web, see Figure 6.22(a) and 6.22(b). On ge-
ometric sets with a higher twbf -ratio, the diﬀerence between the stress concentration
in the center and at the edges is not as great, see Figure 6.22(c) and 6.22(d). The
analytically determined maximum stress is generally slightly lower than that deter-
mined by FEA, with values diﬀering by up to 20%. Steel girders with thick webs
and narrow ﬂanges showed better agreement than geometries with slender webs and
thin, wide ﬂanges.
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Figure 6.22: Stress distribution shapes
The inﬂuence of inclined webs is taken into account by using additional factor
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κσz , which was determined in Section 6.3.2. The maximum tensile through-thickness
stress is therefore determined by
σz,max = σ¯z · μσz · κσz (6.17)
6.5 Inﬂuence of bending moments on through-thickness stresses
Although the bending moments in the bridge deck can generally be disregarded (as
shown in Section 3.4.2), the calculation of the stress distribution due to an uplift
force in combination with a bending moment is shown in the following. The stress
situation inside the adhesive connection of a bridge resulting from the uplift forces
and the moments acting on the adhesive connection is determined as described in
Chapter 5.
Determination of stress distribution due to a bending moment
The calculations to determine the distribution of through-thickness stresses σz due
to a moment loading are made on the VS-geometry described in Section 6.3.3. The
loading of the model is shown in Figure 6.23. Instead of a linear distribution of
the stresses introduced to the model, it was loaded with two uniformly distributed
loads pz,M0 for technical reasons relating to the FE program. The moment M0
resulting from the stresses is shown in Equation 6.18.
M0 = pz,M0 ·
1
2 bf · lm ·
1
2 bf
= 14 · pz,M0 · lm · b
2
f
(6.18)
where bf is the steel girder’s ﬂange width (disregarding bN ) and lm is the distance
between the webs in the bridge deck.
As described in Section 6.3.3, page 97 ﬀ., each model was loaded with uniformly
distributed line loads on its upper face over the webs, resulting in an uplift force
Fup,0 = pz · bf · lm (6.19)
with pz =1N/mm2.
The ratio e = ΔMFup (see Chapter 5, with ΔM and Fup as forces acting inside the
bridge deck), deﬁnes the linear combination for the superposition of both distribu-
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
6.5 Inﬂuence of bending moments on through-thickness stresses 115
b /2
tp
tf
csw
tp
tadh
Hds
f
tw
pz,M0
Figure 6.23: Loading of FE
model with VS-geometry
0
2
4
6
8
10
12
0 50 100 150 200 250 300
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=9mm, r=0, bf=310mm, tf=35mm, nx=5
(a) Stress distribution due to centrical loading
(uplift force in adhesive layer)
-0.2
-0.15
-0.1
-0.05
0
0.05
0.1
0.15
0.2
0 50 100 150 200 250 300
σ
z
/σ¯
z
[-
]
position y [mm]
tw=9mm, r=0, bf=310mm, tf=35mm
(b) Stress distribution due to asymmetric load-
ing (see Figure 6.23)
Figure 6.24: Stress distribution shapes in adhesive layer
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tions, see Equation 6.20.§
e = ΔM
Fup
= M0
Fup,0
=
b2f
4 · lm · pz,M0
bf · lm · pz =
bf
4 ·
pz,M0
1
[
N
mm2
] (6.20)
 pz,M0 = e · 4bf
[ N
mm2
]
(6.21)
The stress distributions were determined by applying pz,M0 = 4bf , as shown in
Figure 6.24(b) on the preceding page and further diagrams in Appendix C.2 for
example. These values must therefore be multiplied by eccentricity e to obtain the
moment distribution for each steel girder and this moment distribution is added to
the distribution resulting from the pure uplift force.
The steel girder geometry of the example shown in Figure 6.24 is described
in Table B.2 on page 161 and has a torsional stiﬀness on the upper ﬂange of
kϑ=85.56 kNm. In Table 5.3 on page 87, eccentricity e can be obtained from kϑ.
An interpolation leads to e=6.2. The superposed graph (Fup +ΔM) is displayed in
Figure 6.25 on the next page, showing that the stresses due to the bending moment
have a small eﬀect on the stress distribution. They result in an increase of stresses
near to one edge of the interface, but not the maximum stress value σz,max, which
was calculated from the pure uplift loading. Therefore, the analytically determined
value also represents a very good approximation of the maximum stress value of the
superposed loading.
The graphs show that the width of the FE distribution is slightly greater than
the distribution obtained using the analytical solution. This is because the neoprene
barrier was also modeled in the FE model and transmits a small amount of stresses.
This has no inﬂuence on the results concerning the maximum stresses however.
This procedure was applied to all investigated steel girder geometries (see Ta-
bles B.1 to B.5, pages 161–162), with the result the stress distributions ﬁtted well
for each investigated case, i.e. for all steel girders the stress increase was not higher
than the maximum stress due to the pure uplift force and the analytically determined
maximum stress could approximate the maximum value obtained by numerical cal-
culations. The diagrams concerning this investigation are shown in Appendix C.3,
page 175 ﬀ. It can be concluded that it is not necessary to take the bending moment
eﬀect into account for calculation of the maximum tensile stresses.
§Fup is the uplift force acting in the bridge deck, while Fup,0 is the uplift force acting on the FE
model.
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6.6 Comparison with experimental results
The investigations carried out in this chapter allow the stress concentration values of
the experiments described in Chapter 3 to be calculated. The stress concentration in
the adhesive connection is deﬁned by the ratio of the maximum stress to the average
stress
(
σz,max
σ¯z
= μσz · κσz
)
, see Section 6.4.3. When the average tensile stress σ¯+z in
the adhesive connection is known, the maximum stress is obtained by multiplying
it by the factors μσz ·κσz .
Determination of μσz and κσz for geometry used in full-scale experiments
Factor μσz is calculated using Equation 6.16, page 112. The geometric values for the
HEM200 steel girder and the DuraSpan 766 bridge deck are shown in Table 6.3.
Table 6.3: Geometric
values of HEM200
steel girder and DuraS-
pan 766 bridge deck for
determination of μσz
steel girder ﬂange width bf = 206mm
steel girder ﬂange thickness tf = 25mm
steel girder web thickness tw = 15mm
steel girder curvature r = 18mm
adhesive thickness tadh = 8mm
neoprene barrier thickness bN = 10mm
module length lm = 152mm
bridge deck web thickness tsw = 12mm
bridge deck panel thickness tp = 21mm
web inclination (bridge deck web) αsw = 75.3◦
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With Equation 6.22 (compare Eq. 6.8 on page 109), bi is calculated:
bi = tw + 1.61 r + 5 tf + 2 tadh
= 15mm + 1.61 · 18mm + 5 · 25mm + 2 · 8mm
= 185mm
(6.22)
bbs is deﬁned in Equation 6.3 (see Figure 6.14):
bbs = tsw + 2 tp = 12mm + 2 · 21mm = 54mm (6.23)
With the ratio tsw/tp=12/21, factor nx is determined, according to Figure 6.19 on
page 108, as being 5. With these values, factor μσz can be calculated (Equation 6.24),
as described in Section 6.4.3 (Equation 6.16).
μσz = beff · lm
(8 bbs (bf − bi − 2 bN )
15π +
16 bbs bi
15π
)−1
= 186mm · 152mm8·54 mm (206 mm−185 mm−2·10 mm)
15π +
16·54 mm·185 mm
15π
= 8.31
(6.24)
Finally the web inclination (αsw=75.3◦) has to be considered by incorporating κσz
(see Figure 6.5 on page 96):
κσz = 1.425
leading to
κσz · μσz = 1.425 · 8.31 = 11.84 (6.25)
The value of factors κσz · μσz determined by FEA, given in Figure 3.10 on page 32,
is 12.41, which is approximately 6% lower than the analytically determined value.
Determination of tensile through-thickness stresses
In order to obtain the maximum through-thickness tensile stress, κσz ·μσz have to
be multiplied by the average through-thickness stress σ¯z acting in the adhesive con-
nection at the average ultimate load.
In the full-scale adhesive connection experiments described in Chapter 3, an av-
erage ultimate load F¯u=176.3 kN (see Table 6.5) was determined, which corre-
sponds to a maximum average tensile through-thickness stress of max σ¯z = F¯uAadh
=0.79 Nmm2 . This leads to an analytically determined maximum stress at failure
of σz,max =max σ¯z · μσz · κσz =0.79 Nmm2 · 11.84=9.35 Nmm2 . The maximum stress
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value determined by FEA is σz,max =9.8 Nmm2 . The ultimate through-thickness ten-
sile stress σz,u determined from the coupon tests in Chapter 4, is 9.1N/mm2, i.e. the
results of the full-scale and the coupon experiments diﬀer by approximately +8%
and +14% respectively. All values are given in Table 6.4.
Table 6.4: Comparison of experimental and computed results for σz,u (ultimate through-
thickness tensile strength)
Determination/calc. method σ¯z
[
N
mm2
]
μσz ·κσz [−] σz,u
[
N
mm2
]
σz,max
[
N
mm2
]
coupon test – 9.1
full-scale adhesive connection 0.79
FEA 12.41 9.80
analytical 11.84 9.35
Table 6.5 shows the results of the full-scale adhesive connection experiments (de-
scribed in Chapter 3) with their maximum stress values.
Table 6.5: Experimental results
Experiment ultimate load [kN] σ¯z
[
N
mm2
]
a σz,max
[
N
mm2
]
b
C2-1 139.4 0.63 7.45
C2-2 191.6 0.86 10.18
C3-1 186.0 0.84 9.95
C3-2 188.0 0.85 10.06
average 176.3 0.79 9.35
stand. dev.cs ±24.7 0.11 1.31
aat failure
bassuming a stress concentration factor of μσz · κσz=13.12
cstandard deviation
No comparison with the reference bridge described in Section 3.3 was made since
the stress concentrations determined in these FE calculations were not very accurate
due do the relatively coarse mesh.
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6.7 Conclusions
An analytical method to calculate the maximum stress concentration in the adhe-
sive layer is determined and numerically validated in this chapter. The analytical
description oﬀers the possibility of approximating the maximum stresses in the adhe-
sive connection by a formula without the need to perform complicated FE modeling.
It was observed that the stresses are concentrated under the bridge deck webs, with
a maximum value over the center of the steel girder and stress concentrations near
to the steel girder’s edge, which are in any case smaller than the maximum value
occurring over the center however.
Furthermore, the superposition of standardized stress distributions due to uplift
forces Fup and bending moments ΔM in the bridge deck was eﬀected. It was ob-
served that for all investigated steel girder geometries, the bending moment in the
bridge deck has a relatively small inﬂuence on the stress distribution in the adhesive
layer. The stress distribution diagrams in Appendix C.3, page 175 ﬀ. show the neg-
ligible eﬀect of the bending moment. Therefore, the analytical method described in
Section 6.4 is applicable for any steel girder geometry.
The FE models constituted a key element for the development of the analyti-
cal method since they were used for cross-checking, see ﬁgures in Appendix C.3,
page 175. Several typical steel girder geometries were calculated using FEA and
the analytical method. The comparison of the results obtained using these methods
shows a good correlation with the graphs.
The experimental validation was provided with the experiments described in
Chapter 3, and the comparison of the stresses was made in Section 6.6, with ex-
perimentally and analytically determined stresses showing good congruence.
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7 Concept for a design method
7.1 Introduction
The objective in this chapter is to formulate the strength of the adhesive connec-
tion and compare it to the stresses occurring in the adhesive connection. These
include the through-thickness stresses σz resulting from the inner forces acting in
the transverse direction and the shear stresses τxz resulting from the composite ac-
tion between the bridge deck and the steel girders in the longitudinal direction. To
comply with current civil engineering codes, the calculations should be made at the
design value level, usually denoted by subscript d. This veriﬁcation is formulated
by Equation 7.1:
Sd
!≤ Rd (7.1)
where Sd denotes the design value of the stresses and Rd the design value of the
material resistance.
The design values of the resistance result from the experimental investigations
carried out in this thesis reduced by a material safety factor determined by statistical
calculations using the experimental results obtained for the FRP material, as shown
in Chapter 4. The material strength in the failure layer depends on the combination
of normal through-thickness tensile stresses σz and shear stresses τxz.
The through-thickness tensile stresses σz were investigated in Chapter 6. This
included a description of the determination of the maximum tensile stress based on
speciﬁc geometric values according to the type of bridge deck and steel main girder.
It is also necessary to determine the magnitude of the shear stresses τxz acting in
the failure layer of the FRP material. While the through-thickness stresses σz do
not depend on the degree of composite action between the bridge deck and the steel
girders, the shear stresses τxz do.
Having determined both stress components, σz and τxz, the material resistance
interaction diagram plotted in Figure 4.3 on page 62 can be used to compare the
structure’s resistance to the stresses on the design level, determined by a load com-
bination.
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7.2 Determination of shear stresses in adhesive connection
Due to the composite action between the FRP bridge deck and the steel girder,
shear stresses τxz act in the adhesive bond.
7.2.1 Assumptions
Two general assumptions can be made [Gu¨r04]:
1. A linear strain distribution over the height of the steel girder and the bridge
deck. This assumption takes into account full composite action between the
bridge deck and the steel girder as well as a linear stress distribution inside
the bridge deck, which presupposes that the bridge deck webs transfer the full
in-plane shear from the lower to the upper face sheet. This assumption is the
more conservative one concerning the stresses.
2. A non-linear strain distribution with decreasing strains over the height of the
bridge deck, which means that the upper face sheet is less loaded, in terms of
axial stresses σx, than the lower one. As experimental investigations in [Gu¨r04]
showed, the strain distribution is not linear over the height for certain bridge
deck types due to shear-lag eﬀects.
Linearly distributed axial strains
Figure 7.1 shows an elevation of a bridge girder with an FRP bridge deck with full
composite action: the axial strains εx are linearly distributed over the height. Since
the materials used do not have the same stiﬀnesses, as expressed by their Young’s
moduli, the corresponding stress proﬁles decrease abruptly at the interfaces of the
materials.
strain ε stress σ
τ
steel girder
FRP bridge deck
x
d
Figure 7.1: Strain and stress
distribution in steel girder
and FRP bridge deck
The determination of shear stresses in sections subjected to bending (and the
resulting shear forces) are described in [Fri83]. The shear stresses τxz are calculated
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using Equation 7.2:
τxz =
V · Sz
Iy · t (7.2)
where V is the shear force, Sz the ﬁrst moment of area, Iy the moment of inertia
and t the width of the material over which the shear stress is calculated. The
relationship expressed above is only valid for homogeneous materials; if materials
with diﬀerent elastic moduli are used, the most common way of determining the shear
stresses τxz is to geometrically adapt the section by modifying the cross section of
the corresponding face sheet to an equivalent cross section by applying factor n0,
deﬁned in Equation 7.3:
n0 =
Es
Ex,FRP
(7.3)
where Es is the E-modulus of steel and Ex,FRP that of the FRP material, as given
in Table 3.3, page 35.
Non-linearly distributed axial strains
Experimental investigations described in [Gu¨r04] showed that, at least for the in-
vestigated DuraSpan deck, the strain distribution across the webs of the two face
sheets was not linear up to failure, see Figure 7.2. The investigated ASSET deck,
on the other hand, exhibited an almost linear strain distribution. The non-linear
strain distribution implies that the stress proﬁle over the height cannot be directly
derived using Bernoulli’s law.
ASSET
DuraSpan
-0.4 0 0.4 1
axial strain [%]
DuraSpan
ASSET
steel girder Figure 7.2: Strain distribution in steel
girder and ASSET and DuraSpan bridge
decks [Gu¨r04]
7.2.2 Calculation of shear stresses
In the following the assumption regarding the linearly distributed stresses is applied,
since it is the more conservative one concerning the stress state in the adhesive
connection.
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The eﬀective width of the two face sheets of the FRP deck is a signiﬁcant value for
the calculations. According to experimental investigations documented in [Gu¨r04]
the eﬀective width of the face sheets changes with the load level: the axial strain
proﬁles across the width of the face sheets were described as being almost constant
for loads within the elastic range, while they narrowed noticeably towards the steel
girders for loads close to the failure loads, leading to a non-linear behavior of the
investigated girder.
An eﬀective width beff of 1.5m was assumed for the DuraSpan deck, based on
experimental results. For the calculations, beff is scaled down to an equivalent
width beq = beff/n0. When all the geometric parameters and material properties
have been established, the shear stresses can be calculated using Equation 7.2 for
diﬀerent conﬁgurations.
beﬀ beq
Figure 7.3: Original and adapted cross sections
7.3 Design example
Table 7.1: Geometric data concern-
ing steel girder
[mm]
web thickness tw = 20
ﬂange width bf = 270
ﬂange thickness tf = 30
radius r = 0
In the following, the determination of the stress
state in the adhesive connection is shown by way
of an example: a bridge with a 30-m span has nine
steel girders of 2.2-m height with a girder distance
of 2.7m. The data required for the calculation is
given in the adjacent Table 7.1. A DuraSpan 766
bridge deck is used. The geometric data is given in
Table 6.2 on page 100. The thickness of the adhe-
sive connection between the steel girders and the
FRP bridge deck is assumed to be tadh =8mm;
the neoprene barrier width bN is 10mm.
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7.3.1 Through-thickness tensile stresses
The through-thickness tensile stresses in the adhesive connection are determined
using the method described in Chapter 6. The input data required consists of
the uplift force acting on the adhesive connection, plus certain speciﬁc geometric
values concerning the bridge deck and the steel girder. With these values, bi can be
determined according to Equation 6.8 on page 109:
bi = tw + 5 tf + 2 tadh
= 20mm + 5 · 30mm + 2 · 8mm
= 186mm
(7.4)
bbs is deﬁned in Equation 6.3 (cp. Figure 6.14):
bbs = tsw + 2 tp = 12mm + 2 · 21mm = 54mm (7.5)
As the ratio tsw/tp of the DuraSpan 766 bridge deck is 12/21, factor nx is 5, cp.
Figure 6.19 on page 108. Factor μσz is calculated using Equation 7.6 (cp. Equa-
tion 6.16).
μσz = beff · lm
(8 bbs (bf − bi − 2 bN )
15π +
16 bbs bi
15π
)−1
= (270mm− 2 · 10mm) · 152mm8·60 mm (270 mm−186 mm−2·10 mm)
15π +
16·60 mm·186 mm
15π
= 10.3
(7.6)
This means that, for a bridge deck geometry with vertical webs, the maximum
through-thickness tensile stress would be approximately ten times the average stress.
Factor μσz is the maximum of the analytically determined normalized stress distri-
bution, cp. Figure 7.4.
The web inclination (αsw=75.3◦) has to be considered by incorporating κσz (see
Figure 6.5 on page 96):
κσz = 1.425
leading to
κσz · μσz = 1.425 · 10.3 = 14.7 (7.7)
The maximum stress value is roughly 15 times higher than the average through-
thickness stress in the adhesive connection, which can easily be determined by di-
viding the uplift force by the connected area. The uplift force can be calculated in
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diﬀerent ways, for example by a simple two-dimensional system, as used in Chap-
ter 5: Table B.5 on page 162 shows that the chosen girder has a torsional stiﬀ-
ness kϑ=144.64 kNm, resulting in an uplift force of Fupd=1.5 · 3.17 kN=4.76 kN, as
shown in Table 5.4. It is assumed that this uplift force acts in the adhesive connection
over an area of one bridge deck element, as investigated in Section 3.3. Investiga-
tions in Section 6.5 showed that the inﬂuence of the maximum through-thickness
tensile stress due to bending moments in the bridge deck can be disregarded. Since
the adhesive layer on the steel girder has a width of only 250mm (=270mm −2 bN ),
this area is A=0.3m× 0.25m=0.075m2. The width of the inﬂuenced area was as-
sumed to be 0.3m as the calculations on the reference bridge in Section 3.3 showed
that the load is mainly transferred by one bridge deck web. This results in an aver-
age through-thickness stress σ¯+z =4.76 kN/0.075m2 =0.063N/mm2, which leads to
a maximum tensile stress of
σ+zd,max =0.063N/mm2 · 14.7=0.92N/mm2. (7.8)
7.3.2 Shear stresses
For the speciﬁc cross sectional values Sz and Iy, the size of the cross section of the
FRP material has to be adapted for the calculations. This adaptation depends on
the ratio n0 of the material’s stiﬀnesses:
n0 =
Es
EFRP
= 210 00011 790 = 17.8 (7.9)
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The equivalent width of the FRP material in the calulations is deﬁned in Equa-
tion 7.10, as determined in [Gu¨r04]:
bequ =
beff
n0
= 1500mm17.8 = 84mm (7.10)
For the girder examined in Section 7.3.1, the shear stresses are calculated by
applying Equation 7.2. A linear strain distribution is assumed.
τxzd =
Vd · Sz
Iy · (bf − 2 bN ) = 0.76
N
mm2 (7.11)
where Vd results from the uniformly distributed traﬃc load of 9 kN/m2× the girder
distance of 2.7m and an axle load of 150 kN. The loads are increased by the fac-
tor γF =1.5, cp. Equation 7.12:
Vd = 1.5
(
9 kNm2 · 2.7m ·
30m
2 + 150 kN
)
= 772 kN (7.12)
The geometric values of the cross section used in Equation 7.11 are the following:
Iy = 3.611 · 1010 mm4
Sz = 8.932 · 106 mm3
(7.13)
7.4 Material resistance of adhesive connection and comparison
The maximum stress combinations of tensile strength σz,u and shear strength τxz,u
in the adhesive connection were determined in Chapter 4. The experimentally de-
termined material strength values are shown in Figure 4.3 on page 62 approached
by a ﬁtting curve described by Equation 4.2 for κσ =κτ =1. The combined shear-
tensile strength determined in Chapter 4, reduced by the material safety factor, is
shown in Figure 7.5, representing the material resistance on the design level. This
material safety factor was determined in Section 4.4.3 as being γM = 1.28. The
quadratic function, the material resistance on the design level, is the curve shown
in Figure 7.5, with a maximum tensile strength σ+z,d =
9.1 N/mm2
1.28 = 7.1N/mm
2 (in
the case of no simultaneous shear stress), and a maximum shear strength τxz,d =
18.3 N/mm2
1.28 = 14.3N/mm
2.
The result for the example calculated in Section 7.3 is represented by a circle in
Figure 7.5. This procedure was applied for the steel girder geometries shown in
Tables B.1 to B.5 in combination with a bridge deck (of the DS-geometry). Each
tensile-shear combination value is represented by a + in Figure 7.5. The maximum
tensile through-thickness stress and shear stress on the design level are approxi-
mately 7 times higher than the material resistance, which is the combined shear-
tensile strength reduced by the material safety factor γM , determined in Chapter 4.
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Every experimental result determined using the full-scale connection (Table 6.5 on
page 119), divided by the material safety factor, is indicated by an ×. The results
show good agreement with the results obtained from the coupon experiments, which
formed the basis for the determination of the material resistance. The average value
obtained from the full-scale experiments (as shown in Table 6.5) is 14% higher than
the average value obtained from the coupon experiments.
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7.5 Conclusions
All the information required to calculate the stresses in the adhesive layer due to
traﬃc loading and the resistance of the adhesively-bonded connection between the
bridge deck and the structural steel girders has been provided in the previous chap-
ters, forming the basis for a design method.
The calculation of a tensile-shear combination for one speciﬁc set of geometries
was made in the example proposed in Section 7.3. Furthermore, the steel girder ge-
ometries used in Section 5.6 were analyzed concerning the shear-tensile combination
acting in the adhesive layer.
The comparison of the stresses obtained from the loading with the resistant
stresses was made on the design level and it was proved that for all considered cases,
Sd≤Rd is achieved with a large safety margin. The calculations clearly demonstrate
that the static loading of the FRP deck/steel girder joint is uncritical, even if the
combined through-thickness shear and tensile stresses are taken into account.
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8 Conclusions
Most of the methods used for connecting FRP bridge decks to steel girders until now
are not material adapted. Since FRP is a brittle material, load-introduction points –
like mechanically fastened joints – are problematic locations: bolts or studs used as
connection elements, which introduce the loads locally, lead to high stress concentra-
tions. With adhesively-bonded joints however, larger areas can be linked together,
thus preventing stress concentrations. A further important structural aspect is the
composite action resulting from the bonded connection between the bridge deck and
the steel girder, which increases the stiﬀness and strength of the whole structure and
therefore allows a reduction in the amount of material used for the steel girders.
While several aspects of the performance of this type of adhesively-bonded con-
nection have already been investigated, little was known concerning the through-
thickness performance of such connections. The aim of this thesis was to provide
this knowledge and the results showed that adhesively-bonded connections can be
used for most bridge deck and steel girder geometries.
8.1 Structural behavior in transverse direction
Loads are transmitted by the bridge deck to the steel girder, causing uplift forces
and moments in the connections between bridge deck and steel girders. As far as
the global behavior is concerned, it was concluded that these connections usually
act as simple supports, the required rotation mainly resulting from the ﬂexibility of
the adhesive connection.
The torsional stiﬀness of the steel main girders in a bridge system with bonded
FRP bridge decks may have a signiﬁcant inﬂuence on the stress distribution in the
adhesive layer if a minimum adhesive layer thickness is not respected. An adhe-
sive thickness of 8–10mm would be suﬃcient to provide a ﬂexible connection that
prevents stress concentrations, even in combination with a stiﬀ steel girder. The
adhesive layer thickness is also a design parameter which can be deﬁned by the en-
gineer in order to prevent stress concentrations in certain locations, as for example
above a stiﬀening element in the steel girder. Furthermore, the stiﬀeners of the steel
girders should not be connected to the upper ﬂanges.
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8.2 Stress state in adhesive connection
The maximum through-thickness tensile stresses due to uplift forces occur at loca-
tions where a vertical web of the FRP bridge deck crosses a steel girder. Under
this vertical web, the maximum stress level is reached over the center of the steel
girder, with stress peaks occurring near to the edges of the ﬂange. It was concluded
that the inﬂuence of a bending moment in the bridge deck over the steel girder
can be disregarded, providing that the adhesive thickness is suﬃcient or that the
steel girder has suﬃcient ﬂexibility. Therefore, the through-thickness stresses can
be determined (as described in Section 6.4) on the assumption that a loading on the
adhesive connection acts as a pure uplift force without eccentricities, i.e. no moment.
Full-scale adhesive experiments were performed in order to validate the results
of the numerical and analytical modeling. The experimental investigations showed
that failure almost always occurred in the surface layer mats of the FRP material
with a brittle behavior. A maximum average tensile stress of 0.79N/mm2 at failure
was derived from the experiments, which corresponds to a maximum tensile through-
thickness stress of σ+z =9.8N/mm2. A good agreement between experimental results
and numerical calculations was shown.
8.3 Design method
The basis for a design method that veriﬁes the structural safety in the ultimate limit
state due to traﬃc loads on the bridge is proposed. This comprises the determina-
tion, on the one hand, of the maximum stresses inside the adhesive layer and, on
the other, of the material strength of the adhesive connection. A method for the
calculation of the tensile through-thickness stresses is provided; the maximum shear
stresses in the adhesive layer were calculated on the basis of [Gu¨r04].
The material resistance of the adhesive connection is characterized by a combina-
tion of tensile through-thickness and shear strengths. This combined shear-tensile
strength could be described by a quadratic equation with a tensile strength σz,u
=9.1N/mm2 and shear strength τxz,u=18.3N/mm2 determined with coupon ex-
periments. As also shown in the full-scale adhesive connection experiments, the
predominant failure mode in the coupon experiments was a ﬁber-tear failure, signi-
fying that the material strength determined with these coupons is also applicable to
full-scale adhesive connections in an actual bridge. The determined tensile through-
thickness strength diﬀered from the strength determined in the full-scale experiments
by only 8%. The material safety factor for the adhesively-bonded connection was
determined as being γM =1.28. An important task in the design process is to en-
sure that failure does not start in the adhesive connection which eventually could
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lead to additional failure of other structural members. A redundant system must be
guaranteed.
Design examples of various geometries proved a good load-bearing behavior of
adhesively-bonded joints between FRP bridge decks and structural steel girders. It
was shown that the stress state due to traﬃc loads is suﬃciently below the material
resistance.
The fatigue behavior was investigated with a full-scale adhesive experiment; after
107 load cycles, no visible damage or changes in structure stiﬀness could be observed.
8.4 Contribution to state of the art
 The results of this thesis prove the existence of a good load-bearing behavior
under static and fatigue loads of adhesively-bonded joints between pultruded
FRP bridge decks and structural steel girders, where the adhesive connection
is loaded with uplift forces and moments acting in the bridge deck, in addition
to the shear in the connection layer due to composite action. Therefore, a
more material-adapted method to connect FRP bridge decks with structural
steel girders is proposed, compared to the commonly used mechanically fas-
tened connections involving bolts or studs, since high stress concentrations are
prevented.
 The connection acts as a simple support for the FRP bridge deck, if a cer-
tain adhesive thickness is provided, since the rotation mainly results from the
adhesive layer. Therefore, the adhesive thickness also constitutes a design pa-
rameter because it inﬂuences the rotational stiﬀness of the connection. The
bending moment acting in the bridge deck can thus be disregarded for the
determination of the through-thickness tensile stresses in the adhesive connec-
tion.
 The through-thickness tensile stress distribution curve in the adhesive connec-
tion layer between an FRP bridge deck and a steel girder reaches a peak over
the center of the steel girder with stress concentrations near the edges, where
a vertical web of the FRP bridge deck crosses a steel girder. The maximum
level is approximately twelve times the average stress in the adhesive layer.
 The developed analytical model is a method for estimating the tensile through-
thickness stress in the adhesive layer between an FRP bridge deck and steel
girders without the use of FEA. This can be done for diﬀerent geometries of
bridge decks and steel girders.
 The thesis provides the basis for a design method for adhesively-bonded con-
nections between pultruded FRP bridge decks and steel girders.
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8.5 Future research
8.5.1 Material
The shear-tensile material resistance of the connection was determined on the Dura-
Span 766 bridge deck; other materials with a diﬀerent ﬁber architecture may have a
diﬀerent resistance. Depending on the project and type of bridge deck, experimen-
tal investigations must be carried out to determine the resistance of the adhesive
connection.
The calculations and full-scale connection experiments were made using a rela-
tively stiﬀ and brittle epoxy adhesive. Further investigations should be carried out
with diﬀerent adhesives in order to examine their inﬂuence on structural behavior;
adhesives exhibiting a ductile behavior could further reduce stress concentrations
for example.
8.5.2 Structural system and details
The full-scale adhesive experiments were carried out using one speciﬁc bridge deck
and steel girder geometry. Further experiments with other geometries would provide
additional conﬁrmation regarding the validation of the design method.
This thesis, in combination with [Gu¨r04], oﬀers the possibility of designing adhesively-
bonded connections between structural steel girders and an FRP bridge deck, acting
together as a composite unit. These methods were developed and validated on simple
girders, with positive bending moments. In a continuous girder, however, negative
bending moments will also act in the regions over the supports, where the bridge
deck will not act as a compression member, but will be loaded by tension. This
behavior was basically investigated and described in [KS06]. The tensile stength
and behavior of the DuraSpan 766 bridge deck were described, but not the behavior
of a whole composite girder with negative bending moments.
In the case of girders with very high torsional stiﬀness, e.g. box girders or sections
with stiﬀeners combined with a thin adhesive thickness, additional investigations
regarding the stress distribution should be carried out. Further studies regarding
structural details – for example above supports, where the rotational stiﬀness is
limited – should be made.
The bonding technique used on the construction site is important for economic
reasons. Adhesive thicknesses of approximately 8mm may require a special bonding
procedure for example and although this is probably not an academic task, it remains
a sensitive consideration requiring special attention at the planning level.
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8.5.3 Long-term and fatigue behaviors
The experimental investigations in this thesis were mainly carried out for quasi-static
and short-term conditions and the long-term behavior of adhesively-bonded connec-
tions was not considered and still has to be investigated. This concerns the durability
as well as the creep behavior of the joint. Furthermore, since the investigations were
performed in laboratory conditions, the eﬀects of environmental conditions such as
temperature and humidity on adhesively-bonded connections between FRP bridge
decks and steel girders must also be analyzed. One fatigue experiment was carried
out, but for a better understanding of the fatigue behavior, further investigations
are necessary.
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A Diagrams and photos from full-scale adhesive
connection experiments
Figure A.1: Set-up for C1-1, C1-2, C2-2 and C3-2
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Figure A.2: Roughened surface before bonding (specimen C2 )
Table A.1: Calibration list of experiments C1-1 and C1-2
channel no. id. serial no. type capacity k-factor date
1 #1 8 541 W100 ±100mm 117.7 30 10 2003
2 #2 1 484 W100K ±100mm 99.88 30 10 2003
3 #3 62 775 W100K ±100mm 102.0 30 10 2003
4 #4 1 486 W100K ±100mm 100.3 30 10 2003
5 #5 8 961 W10K ±10mm 10.24 19 11 2003
6 #6 8 965 W10K ±10mm 10.38 19 11 2003
7 #7 8 971 W10K ±10mm 10.26 19 11 2003
8 #8 8 968 W10K ±10mm 10.39 19 11 2003
9 #9 18 235 W20 ±20mm 20.34 04 11 2003
10 #10 5 355 W20 ±20mm 20.35 20 11 2003
11 #11 5 354 W20 ±20mm 20.35 20 11 2003
12 #12 5 364 W20 ±20mm 20.29 05 11 2003
13 #13 5 343 W20 ±20mm 20.61 05 11 2003
14 #14 5 131 W20 ±20mm 20.14 05 11 2003
18 force N 709 E 100 1000 kN 408.07 19 11 2003
19 force S 712 E 100 1000 kN 455.72 19 11 2003
∗ channel nos. 18 and 19 are force transducers
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Table A.2: Calibration list of experiments C2-1 and C3-1
channel no. id. serial no. type capacity k-factor date
1 #1 8 541 W100 ±100mm 117.7 30 10 2003
2 #2 1 484 W100K ±100mm 99.88 30 10 2003
3 #3 62 775 W100K ±100mm 102.0 30 10 2003
4 #4 1 486 W100K ±100mm 100.3 30 10 2003
5 #5 13 488 W5K ±5mm 6.056 01 03 2004
6 #6 2 583 W5K ±5mm 4.7702 01 03 2004
7 #7 13 486 W5K ±5mm 5.9704 01 03 2004
8 #8 13 482 W5K ±5mm 5.4068 01 03 2004
9 #9 2 598 W5K ±5mm 4.6464 01 03 2004
10 #10 2 597 W5K ±5mm 4.5928 01 03 2004
11 #11 5 354 W20 ±20mm 20.35 20 11 2003
12 #12 10 665 W5K ±5mm 5.0885 01 03 2004
13 #13 2 585 W5K ±5mm 5.2974 01 03 2004
14 #14 5 131 W20 ±20mm 20.14 05 11 2003
Table A.3: Calibration list of experiments C2-2 and C3-2
channel no. id. serial no. type capacity k-factor date
0 #0 8 541 W100 ±100mm 115.6 07 07 2004
1 #1 6 747 W100 ±100mm 99.43 07 07 2004
2 #2 1 486 W100K ±100mm 100.4 07 07 2004
3 #3 9 843 W100K ±100mm 101.8 07 07 2004
4 #4 15 929 W10 ±10mm 10.25 07 07 2004
5 #5 13 487 W5K ±5mm 5.1339 07 07 2004
6 #6 2 611 W5K ±5mm 5.0478 07 07 2004
7 #7 2 607 W5K ±5mm 5.2168 07 07 2004
8 #8 2 586 W5K ±5mm 5.0446 07 07 2004
9 #9 2 584 W5K ±5mm 4.0809 07 07 2004
10 force N 712 E 100 1000 kN 957.8 08 07 2004
10 force N 712 E 100 1000 kN 903.9 23 07 2004
11 force S 709 E 100 1000 kN 861.6 08 07 2004
11 force S 709 E 100 1000 kN 920.9 23 07 2004
12 #12 8 970 W10K ±10mm 10.42 08 07 2004
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A.1 Diagrams of exp. C1-1
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(d) Transducer #14
Figure A.3: Load-displacement curves on outer side of adhesive connection (C1-1)
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A.2 Diagrams of exp. C1-2
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(b) Transducer #6
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(c) Transducer #7
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(d) Transducer #8
Figure A.4: Load-displacement curves on inner side of adhesive connection (C1-2)
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(a) Transducer #12
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(b) Transducer #13
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(c) Transducer #14
Figure A.5: Load-displacement curves on outer side of adhesive connection (C1-2)
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
A.3 Diagrams and photos of exp. C2-1 145
A.3 Diagrams and photos of exp. C2-1
air bubble
Figure A.6: Air bubble near edge of failed adhesive connection on steel girder (C2-1 )
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(d) Transducer #9
Figure A.7: Load-displacement curves on inner side of adhesive connection (C2-1)
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(e) Transducer #14
Figure A.8: Load-displacement curves on outer side of adhesive connection (C2-1)
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A.4 Diagrams and photos of exp. C2-2
Figure A.9: Failed adhesively-bonded connection (C2-2 )
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0
20
40
60
80
100
120
140
160
180
200
displacement δ [mm]
lo
ad
  
F
 [
kN
]
(b) Transducer #7
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(c) Transducer #9
Figure A.10: Load-displacement curves on inner side of adhesive connection (C2-2)
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
150 A Diagrams and photos from full-scale adhesive connection experiments
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0
20
40
60
80
100
120
140
160
180
200
displacement δ [mm]
lo
ad
  
F
 [
kN
]
(a) Transducer #12
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
0
20
40
60
80
100
120
140
160
180
200
displacement δ [mm]
lo
ad
  
F
 [
kN
]
(b) Transducer #14
Figure A.11: Load-displacement curves on outer side of adhesive connection (C2-2)
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A.5 Diagrams and photos of exp. C3-1
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(c) Transducer #7
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(e) Transducer #9
Figure A.12: Load-displacement curves on inner side of adhesive connection (C3-1)
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(b) Transducer #11
0 0.02 0.04 0.06 0.08 0.1
0
20
40
60
80
100
120
140
160
180
200
displacement δ [mm]
lo
ad
  
F
 [
kN
]
(c) Transducer #12
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(d) Transducer #13
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(e) Transducer #14
Figure A.13: Load-displacement curves on outer side of adhesive connection (C3-1)
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Figure A.14: Fiber-tear failure on surface and adhesive failure (C3-1 )
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A.6 Diagrams and photos of exp. C3-2
(a) Fiber mats pulled out of bridge deck
surface
(b) Air bubble near to the edge
air bubble
Figure A.15: Surface of failed adhesive layer (C3-2)
Figure A.16: Failed adhesively-bonded connection (C3-2 )
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(c) Transducer #9
Figure A.17: Load-displacement curves on inner side of adhesive connection (C3-2)
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(c) Transducer #14
Figure A.18: Load-displacement curves on outer side of adhesive connection (C3-2)
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A.7 Comparison of experimental results and calculations
Table A.4: Comparison of measured and calculated deﬂections at loading point for a
loading of 80 kN
transducer#1 transducer#2 average value
C1-1 32.53mm 30.20mm 31.37mm
C1-2 32.09mm 31.69mm 31.89mm
C2-1 28.76mm 26.40mm 27.58mm
C2-2 29.64mm 31.08mm 30.72mm
C3-1 30.66mm 26.09mm 28.38mm
C3-2 31.72mm 31.97mm 31.85mm
mean value 30.30mm
std. dev. 1.86mm
FEA 32.33mm
Table A.5: Comparison of measured and calculated deﬂections at transducers #3
and #4 for a loading of 80 kN
transducer#3 transducer#4 average value
C1-1 -1.86mm -2.83mm -2.35mm
C1-2 -1.70mm -2.59mm -2.15mm
C2-1 -1.71mm -1.82mm -1.77mm
C2-2 — — —
C3-1 -1.65mm -1.73mm -1.69mm
C3-2 -1.05mm -1.63mm -1.34mm
mean value -1.86mm
std. dev. 0.40mm
FEA -2.02mm
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Table A.6: Comparison of measured and calculated deﬂections at transducer #5 to #9
for a loading of 80 kN
(a) #5 and #9
transducer#5 transducer#9
C1-2 — —
C1-2 0.050mm —
C2-1 — 0.065mm
C2-2 0.075mm 0.049mm
C3-1 0.084mm 0.066mm
C3-2 0.078mm 0.059mm
mean value 0.072mm 0.060mm
std. dev. 0.015mm 0.008mm
FEA 0.053mm
(b) #6 and #8
transducer#6 transducer#8
C1-1 — —
C1-2 0.101mm 0.094mm
C2-1 0.059mm 0.068mm
C2-2 — —
C3-1 0.073mm 0.057mm
C3-2 — —
mean value 0.078mm 0.073mm
std. dev. 0.021mm 0.019mm
FEA 0.062mm
(c) #7
transducer#7
C1-1 —
C1-2 0.115mm
C2-1 0.071mm
C2-2 0.069mm
C3-1 0.066mm
C3-2 0.116mm
mean value 0.087mm
std. dev. 0.026mm
FEA 0.066mm
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Table A.7: Comparison of measured and calculated deﬂections at transducers #10 to
#14 for a loading of 80 kN
(a) #10 and #14
transducer#10 transducer#14
C1-1 — 0.026mm
C1-2 — 0.029mm
C2-1 0.012mm 0.019mm
C2-2 — 0.018mm
C3-1 0.002mm 0.023mm
C3-2 0.002mm 0.020mm
mean value 0.009mm 0.023mm
std. dev. 0.011mm 0.004mm
FEA 0.019mm
(b) #11 and #13
transducer#11 transducer#13
C1-1 0.020mm 0.034mm
C1-2 — 0.026mm
C2-1 0.025mm 0.022mm
C2-2 — —
C3-1 0.032mm 0.026mm
C3-2 — —
mean value 0.031mm 0.027mm
std. dev. 0.001mm 0.005mm
FEA 0.023mm
(c) #12
transducer#12
C1-1 0.036mm
C1-2 0.038mm
C2-1 0.033mm
C2-2 0.007mm
C3-1 0.039mm
C3-2 0.010mm
mean value 0.032mm
std. dev. 0.013mm
FEA 0.024mm
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B Steel girder geometries with respective
torsional stiﬀnesses kϑ
Table B.1: Torsional stiﬀnesses for a girder (=10m) and various dimensions
h [mm] bf [mm] tf [mm] tw [mm] Ast [cm2] kϑ [kNm]
550 370 40 6 324 66.39
600 340 36 6 276 58.92
650 300 33 6 233 52.02
700 280 30 6 206 65.22
750 250 28 7 189 56.61
800 250 25 7 178 63.78
850 230 24 8 175 56.76
900 210 24 8 169 52.50
Table B.2: Torsional stiﬀnesses for a girder (=15m) and various dimensions
h [mm] bf [mm] tf [mm] tw [mm] Ast [cm2] kϑ [kNm]
850 400 40 8 382 124.03
900 370 38 8 347 112.21
950 350 35 9 324 97.27
1000 310 35 9 301 85.56
1050 270 34 10 282 115.35
1100 240 34 10 266 103.22
1150 220 32 11 260 98.78
1200 200 32 11 253 90.09
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Table B.3: Torsional stiﬀnesses for a girder (=20m) and various dimensions
h [mm] bf [mm] tf [mm] tw [mm] Ast [cm2] kϑ [kNm]
1150 450 40 10 467 183.42
1200 400 40 11 443 196.56
1250 400 40 11 443 194.17
1300 350 37 12 406 177.54
1350 350 32 12 378 146.53
1400 350 30 13 384 142.77
1450 300 29 13 354 120.97
1500 270 29 14 358 117.20
Table B.4: Torsional stiﬀnesses for a girder (=25m) and various dimensions
h [mm] bf [mm] tf [mm] tw [mm] Ast [cm2] kϑ [kNm]
1400 420 50 13 589 311.66
1500 390 45 13 534 250.99
1600 350 42 14 506 222.73
1700 300 40 15 483 163.64
1800 290 32 16 463 144.01
1900 250 29 17 458 117.04
2000 200 27 18 458 94.79
2100 160 23 19 464 78.05
Table B.5: Torsional stiﬀnesses for a girder (=30m) and various dimensions
h [mm] bf [mm] tf [mm] tw [mm] Ast [cm2] kϑ [kNm]
1700 440 50 15 680 349.46
1800 390 48 16 647 311.68
1900 350 45 17 622 268.64
2000 320 40 18 602 191.76
2100 300 34 19 590 173.08
2200 270 30 20 590 144.64
2300 240 25 21 592 120.00
2400 230 23 22 596 121.89
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C Stress analysis parameter study diagrams
C.1 Dependence of factor nx on ratio tswtp
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Figure C.1: Comparison of FE results (VS-geometry) and analytical stress distribution
in FRP-adhesive interface
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C.2 Comparison of analytical and numerical results
The key for the denomination of the geometry is the following: VS tw/rbf/tf .
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Figure C.2: Stress distribution shapes in adhesive layer of geometry VS 06/0280/30
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Figure C.3: Stress distribution shapes in adhesive layer of geometry VS 06/0300/33
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Figure C.4: Stress distribution shapes in adhesive layer of geometry VS 06/0340/36
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Figure C.5: Stress distribution shapes in adhesive layer of geometry VS 06/0370/40
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Figure C.6: Stress distribution shapes in adhesive layer of geometry VS 08/0230/24
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Figure C.7: Stress distribution shapes in adhesive layer of geometry VS 08/0400/40
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Figure C.8: Stress distribution shapes in adhesive layer of geometry VS 09/0310/35
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Figure C.9: Stress distribution shapes in adhesive layer of geometry VS 10/0270/34
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Figure C.10: Stress distribution shapes in adhesive layer of geometry VS 10/0450/40
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Figure C.11: Stress distribution shapes in adhesive layer of geometry VS 11/0220/32
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Figure C.12: Stress distribution shapes in adhesive layer of geometry VS 12/0350/32
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Figure C.13: Stress distribution shapes in adhesive layer of geometry VS 12/0350/37
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Figure C.14: Stress distribution shapes in adhesive layer of geometry VS 13/0300/29
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Figure C.15: Stress distribution shapes in adhesive layer of geometry VS 13/0420/50
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Figure C.16: Stress distribution shapes in adhesive layer of geometry VS 14/0270/29
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Figure C.17: Stress distribution shapes in adhesive layer of geometry VS 15/0440/50
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Figure C.18: Stress distribution shapes in adhesive layer of geometry VS 17/0350/45
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Figure C.19: Stress distribution shapes in adhesive layer of geometry VS 18/0320/40
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Figure C.20: Stress distribution shapes in adhesive layer of geometry VS 20/0270/30
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Figure C.21: Stress distribution shapes in adhesive layer of geometry VS 21/0240/25
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
174 C Stress analysis parameter study diagrams
0
2
4
6
8
10
12
0 50 100 150 200 250
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=6mm, r=0, bf=280mm, tf=30mm, nx=7
(a) VS 06/0280/30
0
2
4
6
8
10
12
0 50 100 150 200
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=8mm, r=0, bf=230mm, tf=24mm, nx=7
(b) VS 08/0230/24
Figure C.22: Stress distribution shapes in adhesive layer
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Figure C.23: Stress distribution shapes in adhesive layer
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Figure C.24: Superposition of distributions due to uplift force and moment
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Figure C.25: Superposition of distributions due to uplift force and moment
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Figure C.26: Superposition of distributions due to uplift force and moment
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Figure C.27: Superposition of distributions due to uplift force and moment
Martin Schollmayer Through-thickness performance of adhesive connections between FRP bridge decks and steel main girders
C.3 Superposed stress distributions 179
0
2
4
6
8
10
12
0 50 100 150 200 250 300 350
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=17mm, r=0, bf=350mm, tf=45mm, e=18.7, nx=5
(a) Geometry VS 17/0350/45
0
2
4
6
8
10
12
0 50 100 150 200 250 300
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=18mm, r=0, bf=320mm, tf=40mm, e=13.3, nx=5
(b) Geometry VS 18/0320/40
0
2
4
6
8
10
12
0 50 100 150 200 250
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=20mm, r=0, bf=270mm, tf=30mm, nx=5
(c) Geometry VS 20/0270/30
0
2
4
6
8
10
12
0 50 100 150 200
μ
σ
z
=
σ
z
/σ¯
z
[-
]
position y [mm]
FEA
analytical
tw=21mm, r=0, bf=240mm, tf=25mm, e=8.7, nx=5
(d) Geometry VS 21/0240/25
Figure C.28: Superposition of distributions due to uplift force and moment
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Abbreviations
CLT – classical lamination theory
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[
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]
σ – axial stress
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